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ABSTRACT 
Assays based on a biological response (bioassays) offer the 
possibility of screening foodstuffs for both known and 
uncharacterised mycotoxins. The sensitivity of several bioassays, 
namely brine shrimp, rat liver cells, baby hamster kidney cells, 
Bacillus megatetium, B. stearothermophilus Tetrahymena pyriformis 
and pea ｳ･･､ｬｾｮｧｳＬ＠ to mycotoxin standards was established. Based on 
these results, the bacterial assays were found to be relatively 
insensitive to the majority of mycotoxins tested. A biological 
screen consisting of the above bioassays (excluding the bacterial 
assays) was capable of detecting twelve mycotoxins. 
This screen was applied to the testing of moulds isolated from 
mould-spoiled foods, identified, and tested in a ratio corresponding 
to their percentage occurrence. They included species of 
Aspergillus, Penicillium, Cladosporium, Rhizopus, Mucor, Alternaria 
and Wallemia. Approximately 60% of the moulds, when grown in 
culture media, caused a toxic effect in three or more of the 
bioassays. Some of the moulds caused enhanced toxicity when grown 
on a foodstuff; other extracts from mould-inoculated foods were 
found to be non-toxic to the bioassays. It was of interest to note 
the toxicity to bioassays caused by moulds such as Mucor and 
Wallemia. These are not well-recognised mycotoxin ｰｲｯ､ｵ｣･ｲｾＮ＠ A 
further study was made on toxin production by Wallemia. A ｳｾｨ･ｭ･＠ of 
chemical purification, involving TLC and HPLC, linked with bioassay 
testing, was used to isolate the toxic compound. The toxin, to be 
named walleminol A, has a molecular weight of 236 and probable 
composition of ｣ ＱＵ ｾ ＲＴ ｯ Ｒ •＠ The minimum inhibitory dose of the 
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toxin to bioassays was approximately 50 pg/ml. 
Toxicity of ochratoxin A to cell lines was not enhanced by the 
inclusion of microsomal enzymes. The acute toxicity of aflatoxin 
B1 and sterigmatocystin, was, however, greatly enhanced by the 
microsomal enzymes. Aflatoxin B1 and sterigmatocystin were 
metabolised to form the more polar metabolites. 
The effects of these toxins on cells was also examined by flow 
cytometry. This demonstrated that aflatoxin B1 and 
sterigmatocystin had no effect on the cell cycle unless activated by 
microsomal enzymes. The activated toxins inhibited DNA synthesis 
and showed that apparently surviving cells died on subculture. 
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CHAPTER 1 
1.0 INTRODUCTION 
Many foods are susceptible to contamination by moulds. This 
can result not only in an unacceptable appearance of the food, but 
also a danger of poisoning due to toxic metabolites produced by 
moulds. Such compounds are known as mycotoxins, and a wide variety 
of moulds is capable of producing such toxins. Toxigenic fungi and 
mycotoxins have been discovered as a result of natural acute 
intoxication or from studies of screening for toxin-producing 
potential of fungi. 
The aflatoxins are a good example of the first case, being the cause 
of Turkey X disease in Great Britain in the early ＱｾＶＰｳＮ＠ This 
affected about 100,000 turkeys and the toxins were isolated from 
Brazilian peanut meal used as a feedstuff. In this case a duckling 
bioassay was used to evaluate the degree of toxicity of the peanut 
meal, and to monitor purification of the unknown toxic component. 
Acute clinical syndromes and deaths caused by mycotoxins can be 
diagnosed or suspected, but chronic or non-lethal effects of 
mycotoxins will be difficult to recognise. These may result in 
lower productivity, reduced weight gain or impaired resistance to 
disease in the animal. By studying toxigenic fungi in particular 
commodities and identifying toxins produced, an insight into 
mycotoxin problems occurring on a chronic level may be provided. 
Chemical assays are generally-preferred to biological assays for 
screening food, feedstuffs and fungi for the presence of known 
toxins. Chemical assays tend to be faster, ｭｯｾ･＠ sensitive and more 
specific than bioassays, but are limited to ·known toxins where 
authentic standards can be used. Assays based on a biological 
response (bioassays) offer the possibility of screening for both 
known and uncharacterised mycotoxins. In the case of 
uncharacterised toxins, the bioassays can be used for the initial 
detection of the toxin, thus providing the basis for development of 
subsequent chemical assays. 
There are many factors contributing to the toxicity of mycotoxins 
and the sensitivity of biological assays to different mycotoxins 
varies. A single biological test method may therefore be 
ｩｮｳｾｦｦｩ｣ｩ･ｮｴ＠ to detect the production of mycotoxins. The purpose of 
the initial part of this study was to produce a battery of in vitro 
biological assays which can be reliably used to detect mycotoxins of 
all types. Several reviews related to screening for mycotoxins have 
been published (Cole, 1978; Watson and Lindsay, 1982; Patterson, 
1983; Cole, 1984; Cole, Cutler and Dorner, 1986). Based on the 
earlier reviews the following bioassays were chosen for this study -
brine shrimp (Artemia salina L.), bacteria)namely Bacillus 
megaterium and Bacillus stearothermophilus protozoa (Tetrahymena 
) 
pyriformis), cell lines (baby hamster kidney and rat liver) and pea 
seedlings. 
1.1 Biological screening methods for mycotoxins and toxigenic 
fungi 
1.1.1 Brine shrimp assay 
The brine shrimp (Artemia salina) has found wide use as food 
for tropical fish and the dry eggs are readily available 
commercially. The brine shrimp bioassay was first used by Michael, 
Thompson and Abramovit-z (1956) as an assay me·thod for the toxicity 
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of insecticides. The test was based on the fact that toxic 
materials rapidly curtail the shrimps swimming movements. This 
resulted in affected shrimps sinking to the bottom of a column of 
liquid, whilst healthy shrimps remained at the top. Chanh and Mamy 
(1963) used brine shrimp eggs to assess the toxicity of beryllium 
sulphate and sodium chromate, molybdate, tungstate and 
metavanadate. This assay confirmed previous results found using the 
mouse, rat and dog. 
The brine shrimp bioassay was first reported for use with mycotoxins 
by Brown, Wildman and Eppley (1968). They found that levels of 0.5 
pg/ml and 1.0 Mg/ml aflatoxin B1 caused more than 60% and 90% 
mortality of brine shrimps at 37°C. The assay was temperature 
0 dependent, as a test carried out at 21 C caused only 80% mortality 
of shrimps at a concentration of 14 pg/ml aflatoxin n1 • A 
subsequent study by Brown (1969) showed that the brine shrimps were 
very sensitive to an acetone extract of Fusarium tricinctum and an 
LD50 of approximately 16.0 pg/ml was found for ochratoxin A. 
An interesting study by Buu-hoi and Chanh (1970) investigated the 
effects of various types of carcinogen on the hatching of Artemia 
salina eggs. This study did not unfortunately include any 
mycotoxins. However, they found a wide range of effects caused by 
different nitrosamines - varying from strongly inhibitory to a 
definitely activating effect on ｴｨｾ＠ ｨ｡ｴ｣ｾｩｮｧ＠ process. They also 
demonstrated clear-cut differences between carcinogenic and 
noncarcinogenic epoxides. 
Studies by Harwig and Scott (1971) showed that the brine shrimps had 
a wide range of sensitivity to different mycotoxins. The assay was 
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very sensitive to sterigmatocystin, aflatoxins B1 , G1 and 
diacetoxyscirpenol. The shrimps were moderately sensitive to 
citrinin, patulin, penicillic acid and zearalenone and were unable 
to detect luteoskyrin. The assay was also used to test fungal 
culture extracts. Some toxic effects noted could be traced to known 
mycotoxins, whereas other effects were believed to be 
"false-positives" arising from non specific toxicity to fungal 
constituents. The susceptibility of brine shrimps to yield false 
positive bioassay results has been found by several workers and this 
will be discussed further in Chapter 3. The sensitivity of orine 
shrimps to aflatoxin B1 and diacetoxyscirpenol, compared with 
patulin was confirmed by Reiss (1972). 
The isolation of naturally occurring trichothecenes from 
Stachybotrys atra was monitored using the brine shrimp assay (Eppley 
and Bailey 1973). The brine shrimp was particularly sensitive to 
trichothecenes; sensitivity ranged from 0.04- 0.4 pg/ml. Roridin H 
and T-2 toxin are amongst the most toxic trichothecenes (Eppley 
1974). 
The brine shrimp assay has been shown to be a simple test, with the 
advantage that the eggs are readily available commercially. It is 
sensitive to many mycotoxins, but can give rise to false-positive 
results. Several factors such as time, temperature and age of the 
shrimp will affect the sensitivity of the test and therefore 
experimental conditions should be strictly controlled. 
1.1.2 Microbiological assays 
Micro-organisms tested for their ｳ･ｮｳｩｴｩｾｩｴｹ＠ to mycotoxins 
4 
include species of bacteria, fungi and protozoa. An early study by 
Burmeister and Hesseltine (1966) showed that Bacillus brevis and B. 
megaterium were the most sensitive to aflatoxin of 329 
micro-organisms tested. Test organisms included 34 genera of fungi 
and one protozoan- none of which were inhibited by the aflatoxins. 
Studies by Clements (1968 a, b) suggested that Bacillus megaterium 
(NRRL B-1368) could be used as a rapid confirmatory test for 
aflatoxin B1 • Standard antibiotic zone inhibition techniques were 
utilized for the test, which could detect 1.0 pg aflatoxin B1 
within 6 to 7 hr following treatment. Similar studies were 
performed by Jayaraman, Herbst and Ikawa (1968) who compared ｾ＠
megaterium with the chick embryo test for assaying aflatoxins and 
related substances. They did not find a complete correlation 
between the two systems, especially in the case of dicoumarol. 
Assays using Bacillus cereus var. mycoides LSU showed a sensitivity 
of 1.5 and 3.0 pg ochratoxins A and B, respectively (Broce et al. 
(1970). They also found that pigments produced by toxigenic strains 
of Aspergillus ochraceus were toxic to B. cereus ｶ｡ｾｭｹ｣ｯｩ､･ｳ＠ and 
suggested that only pure extracts of ochratoxin A and B could be 
tested using this organism. 
Several workers have reported that aflatoxin B1 produces 
morphologically abnormal bacterial cells (Lillehoj and Ciegler 1968 
a; Lillehoj, Ciegler and Hall 1967). ｆｵｲｴｾ･ｲ＠ studies by Beuchat and 
Lechowich (1971) demonstrated that exposure to aflatoxin · B1 
produced filamentous forms of Bacillus megaterium NRRL B-1368. 
These aberrant forms were apparent within 5 hr of incubation with 
less than 4 pg per ml of aflatoxin B1 • The cells were able to 
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revert to normal growth and division when placed on a non-toxic 
medium. Increase in bacterial length of B. thuringiensis was also 
casued by aflatoxins B1 , B2 , G1 and G2, as well as 
ochratoxin A, penicillic acid, sterigmatocystin, and zearalenone 
(Boutibonnes 1980; Boutibonnes et al. 1983). These workers carried 
out an extensive study of the sensitivity of B. thuringiensis to 47 
mycotoxins - most of which had some effect in the bioassay. 
A simple test, supplied in kit form, was described by Reiss (1975 
a). The test involved inhibition of germination of Bacillus 
subtilis spores. The spores were sensitive to 1 pg patulin but 
needed 100 pg aflatoxin B1 before a toxic effect was indicated. 
This, compared with B. megaterium, (Beuchat & Lechowich 1971) in 
which toxic effects were caused by less than 4 pg aflatoxin B1 
stresses the importance of choice of species for the bioassay. B. 
megaterium was shown by Burmeister and Hesseltine (1966) to be the 
most sensitive to aflatoxin of more than 300 micro-organisms 
tested. This micro-organism was also sensitive to less than 2 pg 
patulin (Stott and Bullerman 1975). 
Spores of ｂｾ｣ｩｬｬｵｳ＠ stearothermophilus in standardised spore strips 
(approximately 105 spores) were used as an assay for mycotoxins by 
Reiss (1975 b). The spore strips were impregnated with toxin and 
then transferred to a nutrient solution, containing bromocresol 
purple -as pH indicator. If the colour changed from purple to yellow 
then the spores had not been inhibited or killed by the toxin. The 
bioassay was apparently sensitive to 0.01 pg of aflatoxin B1 , 
patulin, rubratoxin B and diacetoxyscirpenol. 
The variation in sensitivity to mycotoxins of different bacteria was 
6 
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also shown by Singer and Roschenthaler (1978). They discussed the 
fact that ochratoxin A was a potent inhibitor of growth of 
Streptococcus faecalis, but did not kill the cells at concentrations 
of 1 mg/ml. In ｣ｯｮｴｲ｡ｳｾＬ＠ a bactericidal action of ochratoxin A to 
Bacillus subtilis was caused by concentrations of 12 pg/ml. The 
effect was due to autolysis of the cells. A study by Kopp and Rehm 
(1979) showed the difference in sensitivity of Gram-positive and 
ｇｾ｡ｭＭｮ･ｧ｡ｴｩｶ･＠ bacteria to roquefortine. They found that the toxin 
had an antimicrobial effect on those bacteria which contained the 
cytochromes of the respiratory chain and catalase. The growth of 
Gram-negative bacteria was not affected by 100 pg/ml roquefortine; 
the authors supposed that this was because there was no transport of 
the toxin into the cells. 
Fungi have also been used to detect mycotoxins (Burmeister & 
Hesseltine, 1970). These workers found that whilst T-2 toxin had no 
effect on 54 bacteria, it inhibited 6 out of 11 fungi tested. 
Amounts of 4 pg toxin inhibited Rhodotorula rubra and Penicillium 
digitatum. A good correlation was found between T-2 toxin detection 
by thin-layer chromatography and inhibition of Rhodotorula rubra by 
extracts of Fusarium cultures (Burmeister, Ellis and Yates 1971). 
Hayes and Wyatt (1970) carried out a study of the sensitivity of 133 
micro-organisms to rubratoxin B. This toxin had no effect on most 
algae, fungi or Ｈｾ｡ｭＭｮ･ｧ｡ｴｩｶ･＠ bacteria investigated. However, 
Tetrahymena pyriformis and Volvox aureus were inhibited by 25 and 50 
pg/ml rubratoxin B, respectively. The toxicity of rubratoxin B to 
the protozoanTetrahymena pyriformis was later confirmed by Wyatt and 
Townsend (1974). The method they used was more -sensitive and gave a 
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minimum inhibitory concentration of 8.5 pg/ml. They stressed the 
importance of examining the influence of contaminating compounds on 
the dosage response curve when assaying impure compounds. Another 
study by Hayes et al. (1974) showed that rubratoxin B was more 
inhibitory to the growth of T. pyriformis than was aflatoxin B1 or 
ochratoxin A. Very little effect on growth was caused by ochratoxin 
A at a concentration of 100 ｾｧＯｭｬＮ＠ This concentration of aflatoxin 
B1 caused 15% inhibition of growth, whilst rubratoxin B caused 
more than 97% inhibition of T. pyriformis. The lack of sensitivity 
of protozoa to aflatoxin B1 was confirmed by Dive et al. (1978). 
A method using the ciliated protozoan Colpidium campylum was unable 
to detect aflatoxin B1 , ochratoxin B or sterigmatocystin, at 
concentrations of 10 pg/ml. 
Hayes et al. (1976) undertook a study to investigate the effect of 
citrinin on growth response, nucleic acids and protein content of T. 
pyriformis. They found that the lower limit of detection for 
citrinin was between 1 and 5 pg/ml. Citrinin at a concentration of 
25 Mg/ml caused a significant decrease in RNA, and smaller decreases 
in protein and DNA ｷ･ｾ･＠ observed. It also caused a shift to smaller 
cell size at concentrations above 25 pg/ml. 
In a study using T. pyriformis, Colpidium campylum, Artemia salina 
and Daphnia magna for the detection of ､ｾ｡｣･ｴｯｸｹｳ｣ｩｲｰ･ｮｯｬ＠ and 
trichothecin, Bijl et al. (1981) concluded that the .ciliated 
protozoa were more sensitive to these toxins than crustaceans. 
According to the data reported a single micro-organism would not be 
sensitive to a full range of ｭｹ｣ｾｴｯｸｩｮｾＮ＠ However, a select choice 
of organisms should be capable of detecting most toxins. 
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1.1.3 Plant assays 
Plant bioassays offer a simple low cost alternative to 
vertebrate assays. Studies by Ashai et al. (1969) found the 
metabolic activation in sweet potato root tissue, in response to 
injury, useful for determining the mode of action of aflatoxins on 
plant metabolism. They found that aflatoxin B1 inhibited the 
replication of mitochondrial DNA, causing similar effects to those 
obtained with mitomycin c, (a known inhibitor of DNA replication). 
No effect on protein synthesis was caused by aflatoxin B1 • 
Several workers have used a wheat coleoptile bioassay for testing 
mycotoxins. The effects produced by toxins are measured using 
inhibition of coleoptile growth. This assay was successfully used 
to detect cytochalasins (Wells et al. 1976; 1981; Cole et al. ＱＹＸｾ＠
1982; and Cutler et al. 1980). The most active mycotoxins tested in 
the wheat coleoptile bioassay were the 12, 13-epoxytrichothecenes. 
(Cole et al. 1981 b). Several macrocyclic trichothecenes, including 
roridin A and verrucarins A and J were found to be potent inhibitors 
of coleoptile growth (Cutler and Jarvis 1985). 
Intact plants have also been used- to assay for mycotoxins. 
Responses of toxins are diverse, ranging from necrosis and chlorosis 
to stunting and malformations of the plants. Early work by Curtis 
(1958) showed the effects of malformin A, produced by Aspergillus 
niger, on bean plants and corn - where it induced root curvatures. 
A simple bioassay for the detection of aflatoxin M1 in milk was 
described by Mayer et al. (19-69). They found that the toxin induced 
chlorophyll deficiency in the leaves of maize seedlings. The mode 
of action of aflatoxins in plant systems has been reviewed by Dashek 
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and Llewellyn (1983), who concluded that rather high aflatoxin 
concentrations were required to affect both the germination and 
subsequent growth and development of plant parts. 
In contrast, plant bioassays are particularly susceptible to 
mycotoxins produced by Fusarium spp. Plant assays were used by Cole 
et al. (1973) in the isolation of moniliformin from F. moniliforme. 
--
Effects observed on tobacco and corn plants were necrosis, chlorosis 
and stunting. Results of plant assays on Fusarium toxins can be 
shown to correlate well with animal tests. In a study of 642 
isolates of Fusarium by Joffe and Palti (1974) it was found that as 
the grade of animal toxicity of the isolates increased, so did their 
phytotoxicity. This included both the number of plants killed and 
the number of hosts affected by the isolate. The hosts succumbing 
to the largest number of isolates were tomato, eggplant and onion -
wheat was rarely affected even by highly toxic isolates. This last 
point is of interest as wheat is a particularly good substrate for 
production of trichothecene mycotoxins, particularly deoxynivalenol, 
by Fusarium spp. 
Inhibition of germination has been used to assay toxic effects of 
trichothecenes. Burmeister and Hesseltine (1970) found that 0.5 pg 
T-2 toxin per m1 could reduce germination of pea seeds by more than 
50%. Later work by Siriwardana and Lafont (1978) demonstrated. that 
a few ;nanograms of ｔｾＲ＠ toxin and diacetoxyscirpenol would inhibit 
germination of Nicotiana sylvestris pollen grains. 
Plant assays are also sensitive to Alternaria toxins .and the 
production of phytotoxic substances by Alternaria triticina was 
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studied with the help of wheat seeds and plants by Vijaya Kumar and 
Rao (1979). 
Such assays are simple to perform and can be sensitive, but are 
subject to many variables. It is important that the most sensitive 
plant host is used for particular mycotoxins and the most sensitive 
tissue utilised,e.g. root, shoot. As with the other assays, a 
single test species would probably not be adequate for detecting a 
wide range of toxins. 
1.1.4 Tissue culture assays 
Mammalian cell culture techniques have been successfully 
used for the screening of mycotoxin-producing fungi, fractionation 
of toxicants from fungal metabolites and chemical and biological 
characterisation of isolated mycotoxins. Such studies have used 
established cell lines or primary cultured cells from various 
organs. The primary cells will maintain normal in vivo functions 
and may show increased susceptibility to some toxicants, compared 
with established cell lines. This is particularly the case when the 
cyto-toxicity is dependent upon the ability to biotransform the 
toxicant into a toxic ·metabolite. 
Cell toxicity can be monitored by:-
(i) Counting ｴｾ･＠ degree of cellular multiplication. 
(ii) Microscopic observation of morphological alterations. 
(iii) Chemical determination of cellular constituents such as 
proteins and DNA. 
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Early work by Legator and Withrow (1964), using human embryonic lung 
cells, allowed them to construct a probable sequence of events to 
account for the effect of aflatoxin in this biological system. The 
earliest effect of this toxicant was the suppression of DNA 
synthesis and mitosis. Inhibition of cell division and DNA 
synthesis led to the survival of the cell in a non-dividing stage, 
which could be quantitated after 48 h exposure to aflatoxin. The 
abnormal production of giant cells could well be accounted for by 
the enlargement of non-dividing cells. 
The effect of aflatoxin B1 on cellular DNA, with the subsequent 
formation of giant cells, was confirmed by Gabliks et al. (1965) and 
Engelbrecht and Purchase (1969). A further study by Harley ｾＱＺ＠ el· 
(1969) showed that the cytotoxic effect of aflatoxin B1 
administered for short periods (less than 2 h) was reversible. In 
contrast, exposure for 4 h produced irreversible lesions leading to 
cell death. Effects included inhibition of ribosomal RNA synthesis 
and protein synthesis. 
Other mycotoxins studied using cell culture techniques include 
ochratoxin A (Engelbrecht and Purchase 1969; Natori et al. 1970; 
Cardeilhac et al. 1972 & Umeda 1977) cytochalasins (Carter 1967) 
patulin (Cardeilhac et al. 1972; Kawasaki et al. 1972), penicillic 
acid (Suzuki et al. 1971; Kawasaki ･ｾ＠ al. 1972) PR toxin (Aujard et 
al. 1979) rubratoxin B Ｈｕｭｾ､｡＠ et al. 1970), ｳｰｯｲｩｾ､･ｳｭｩｮ＠ (Done et 
-- .... 
al. 1961, Mortimer and Collins 1968), _ sterigmatocystin C-Cardeilhac 
et al. 1972, Umeda 1977) and various trichothecenes (Ohtsubo et al. 
1968, Ueno 1977, Pathre and Mirocha 1977, Ueno 1983 & Abbas et al. 
1984) ｾ＠
12 
The minimum toxic dose to cells varies from 0.4 ng/ml, in the case 
of sporidesmin to 40 pg/ml for aflatoxin B1 (tested in He-La cells 
- Harley & Rees 1969). However, sensitivity of the biological 
system will vary depending upon the source of cells, and whether 
primary cells or established cell lines are used. For example, 
compared with the results found in H;-La cells, nanograms of 
...._.,. 
aflatoxins, patulin, sterigmatocystin, and ochratoxin A can cause 
effects in tracheal organ cultures - freshly prepared from day old 
chicks (Cardeilhac et al., 1972). Using primary cultured rat liver 
cells, 100 ng/ml aflatoxin B1 has a substantial toxic effect on 
liver parenchymal cells, but is less toxic to endothelial cells. It 
has been found by several workers (Manson et al., 1981; Metcalfe and 
Neal, 1983 a, b) that established cell lines which do not have the 
capability to metabolise aflatoxin B1 are less sensitive to this 
toxin than are primary cells. The latter retain some metabolising 
enzymes which are not detectable in established cell lines. 
In the assessment of toxic effects on cell lines, several workers 
have examined effects produced on the cell cycle. This involved 
counting endless numbers of cells (Umeda et al., 1970) or using 
radiolabelled thymidine (Kawasaki et al., 1972). An alternative to 
this procedure is the use of flow cytometry. This is a technique of 
automated cell analysis, the use of which has been reviewed by 
Braylan (1983) and Lovett et al. (1984). · Cells suspended in a 
liquid medium flow at high speed, one by one, through a sensing 
area. As each cell passes through this area, electrical or optical 
signals are generated, which can be measured. -Properties such as 
cell size -and viability, and levels of nucleic acids can be rapidly 
analysed in a large number of cells. Lazers are used to illuminate 
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the cells which may absorb or scatter the incident light, or 
fluoresce. Many cytochemical techniques for the quantitative 
fluorometric analysis of DNA have been developed. The most popular 
dyes are ethidium bromide and propidium iodide. Both, however, bind 
indistinguishably to RNA as well as DNA. Consequently RNA-ase is 
required in the procedure to obtain specific DNA staining. The 
analysis of cellular DNA provides the following information:-
(i) The presence of cells that contain an abnormal amount of DNA, 
as compared with diploid cells. 
(ii) The measurement of cells in various phases of the cell cycle. 
During the mammalian cell cycle, cells enter a DNA synthetic phase 
(S) during which the complete complement of chromosomes is 
reduplicated. Therefore a cell produces increasing amounts of DNA 
as it transits this phase. Upon completion of S phase, a phase of 
apparent inactivity, or gap phase is entered (G2). At this point in 
the cycle, the cells have two sets of chromosomes and twice the 
normal amount of DNA (4C). G2 terminates with mitotic division (M). 
Mitosis results in daughter cells which also enter a . gap phase (Gl) 
and have a normal chromosomal complement (2C). In addition, 
non-cycling cells (GO) have 2C DNA. The specific DNA staining can 
therefore distinguish GO/Gl cells with 2C DNA, G2 and M cells with 
4C DNA and S phase cells with a variable amount of DNA ranging from 
2C to 4C. Studies have ·demonstrated that the percentage of cells in 
the synthetic phase of the cell cycle (as measured by flow 
cytometry) correlates with the number of cells in DNA synthesis - as 
measured by tritiated thymidine incorporation. 
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There are thus a number of techniques available for studying the 
effects of toxins on cells in culture. Several factors may affect 
the sensitivity of the test, not least the choice of cell line. 
A summary of the different bioassay systems reported for use with 
mycotoxins is shown in Table 1. 
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TABLE 1.1 SUMMARY OF BIOASSAY SYSTEMS USED FOR ASSAYING MYCOTOXINS 
BIOASSAY 
1. AQUATIC ANIMALS 
Brine shrimp 
(Artemia salina) 
,, 
2. MICRO-ORGANISMS 
Bacillus brevis 
B. megaterium 
B. cereus 
B. subtilis 
B. stearother-
mophilus 
B. thuringiensis 
" 
MYCOTOXINS DETECTED 
Aflatoxin B1 
Aflatoxin B1 , Diacetoxy-
scirpenol 
Aflatoxin B1 , G1 , 
Sterigmatocystin, 
Diacetoxyscirpenol 
Ochratoxin A 
Roridin H 
T-2 toxin 
Aflatoxin 
Aflatoxin 
Patulin 
Ochratoxin A & B 
Patulin 
Aflatoxin B1 
Patulin, Rubratoxin B, 
Diacetoxyscirpenol 
Roquefortine 
Aflatoxins 
Ochratoxin A, Penicillic 
acid 
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REFERENCE 
Brown et al., 1968 
Reiss, 1972 
Harwig and Scott, 1971 
Brown, 1969 
Eppley, 1974 
Eppley and Bailey 1973 
Burmeister & Hesseltine, 
1966 
Clements, 1968 a,b 
Jayaraman et al. ,. 1968 
Stott & Bu1lerman, 1975 
Broce et al., 1970 
Reiss, 1975 a 
Re_iss, 1975 b 
Kopp & Rehm, 1979 
Boutibonnes, 1980 
Boutibonnes et al., 1983 
B. thuringiensis 
Rhodotorula rubra 
Penicillium 
digitatum 
Tetrahymena 
pyriformis 
Colpidium campylum 
3. PLANTS 
Sweet potato root 
Wheat ｣ｯｬｾｯｰｴｩｬ･＠
Corn plants 
" 
Maize leaves 
Pea seeds 
Tobacco plants 
Wheat plants 
Sterigmatocystin, 
Zearalenone 
T-2 toxin 
T-2 toxin 
Rubratoxin B 
Rubratoxin B 
Citrinin 
Diacetoxyscirpenol 
", Trichothecin 
Aflatoxin B1 
Cytochalasins 
Trichothecenes 
Roridin A, Verrucarin 
Ma1formin A 
Moniliformin 
Aflatoxin M1 
T-2 toxin 
T-2 toxin, Diacetoxy-
scirpenol 
Alternaria toxins 
4. ORGAN AND TISSUE CULTURE 
Human embryonic lung 
cells 
Aflatoxin 
17 
Boutibonnes et a1., 1983 
Burmeister & Hesseltine, 
ICf 'b 
" 
Hayes & Wyatt, 1970 
Wyatt & Townsend, 1974 
Hayes et al., 1976 
Bijl et al., 1981 
Ashai et al., 1969 
Wells et al., 1976 
Cole et al., 1981 b 
Cutler & Jarvis, 1985 
Curtis, 1958 
·cole et al., 1973 
Mayer et a1., 1969 
Burmeister & Hesseltine, 
1970 
Siriwardana & Lafont, 1978 
Vijaya Kumar & Rao, 1979 
Legator & Withrow, 1964 
Human liver cells Aflatoxin 
African green monkey Aflatoxin 
kidney cells 
" 
Primary rat liver 
cells 
Tracheal organ cells 
He La cells 
Mouse fibroblast 
cells 
Human and mouse 
fibroblast cells 
HEp2· cells 
Baby hamster kidney 
cells 
Rat liver cells 
Rabbit reticulocytes 
Vervet monkey 
kidney cells 
Ochratoxin A 
Ochratoxin A 
Aflatoxin, Ochratoxin A, 
Patulin, Sterigmatocystin 
Aflatoxin 
Ochratoxin A 
Penicillic acid 
Rubratoxin B 
Sporidesmin 
Nivalenol, Trichothecenes 
Cytochalasins 
T-2 toxin, Deoxynivaleno1, 
Aflatoxin B1 , Zearalenone 
T-2 toxin, HT-2, Niva1enol, 
Deoxyniva1enol 
Trichothecenes 
PR toxin 
T-2 toxin 
Sporidesmin 
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Gab1iks et al., 1965 
Engelbrecht and Purchase, 
1969 
Umeda, 1977 
Cardeilhac et al., 1972 
Harley & Rees, 1969 
Natori et al., 1970 
Suzuki et a1., 1971 
Kawasaki et a1., 1972 
Umeda et al., 1970 
Done et a1., 1,961 
Ohtsubo et al. , 1968 
Carter, 1967 
Abbas et a1., 1984 
Ueno, 1977 
Pathre & Mirocha, 1977 
Aujard et al. ;, 1979 
Ueno, 1983 
Mortimer & Collins, 1968 
1.2 Surveillance of toxigenic fungi and mycotoxins in foods and 
feedstuffs 
The ｯ｣｣ｵｲｲ･ｾ｣･＠ ｯｾ＠ toxigenic moulds is widespread. They are 
easily disseminated through their vegetative spores, which are 
produced in large numbers and which can be present in the latent 
state for long periods. Contamination of agricultural products can 
occur before harvest)e.g. Claviceps purpurea, which is a plant 
pathogen infecting grasses and grains, and is known to produce ergot 
alkaloids (Young 1979). Aspergillus flavus, which produces 
aflatoxins, can be considered a field fungus as well as a storage 
fungus. (Dickens 1977, Lillehoj and Hesseltine 1977). This mould 
can infect corn, peanuts and cottonseed before and after harvest. 
Toxin production by any given mould species depends upon three 
conditions:-
(i) An environment suitable for growth. 
(ii) A substrate suitable for growth. 
(iii) The physical presence of the ｴｯｸｩｮＭｰｲｯ､ｵ｣ｩｮｾ＠ organism. 
All three conditions must be fulfilled in order for toxin production 
to occur. 
1.2.1 Environmental conditions for mould growth 
Five factors are of primary importance in influencing mould 
growth and mycotoxin production. These are moisture, temperature, 
time, atmosphere and _microqial interaction. Water activity (a) 
w 
expresses the availability of water for the growth of 
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micro-organisms. Temperature interacts with a to influence mould 
w 
growth and mycotoxin production. The effect of environmental 
conditions on mould growth and toxin production are discussed by 
Northolt and Bullerman (1982). Aflatoxin production is prevented in 
stored products by the maintenance of low temperatures, whereas 
other toxins such as penicillic acid, patulin, zearalenone and T-2 
toxin may be produced. Aflatoxin B1 can be produced at conditions 
of a and temperature which are close to the minimum a and 
w w 
temperature for growth. However, patulin, penicillic acid and 
ochratoxin A are produced within a narrower range of a and 
w 
temperature, compared with those for growth. 
The factors affecting toxin production by aflatoxin-producing 
species have been studied by Diener and Davis (1969). Later studies 
by Mislivec, Dieter and Bruce (1975 a) investigated the moisture and 
temperature requirements for germination of eight toxigenic species 
of Aspergillus and Penicillium. They found that the penicillia, 
with the exception of P. citrinum, were less dependent on moisture 
than the aspergilli, and grew better at less than ambient 
temperatures, rather than at higher temperatures. 
The effects of co2 and o2 on growth of A. flavus and aflatoxin 
production have been investigated by Launders, Davis and Diener 
(1967) and Wilson and Jay (1975). They concluded that aflatoxin 
production was sensitive· to high concentrations of co2 and low 
concentrations of o2 • Similar studies were carried out by Orth 
(1976.) on sterigmatocystin and patulin production. At a level of 
90% co2 only a small amount of sterigmatocystin and no patulin was 
produced. Decreasing the o2 concentration to 2% had no effect on 
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fungal growth, but could depress toxin production. 
1.2.2 Substrates for mould growth 
Most mould species are not substrate specific and may be 
expected to grow on or in any food or feed if the environment is not 
limiting. Some commodities are particularly susceptible to invasion 
by certain toxigenic mould species e.g. small grains by Claviceps 
purpurea or pomaceous fruits by Penicillium expansum. 
The composition and pH of the substrate may have a strong influence 
on toxin producti?n, whilst having little effect on growth of the 
mould. In cheese, little or no patulin, penicillic acid or 
ochratoxin A may be produced, despite the fact that toxic penicillia 
have grown extensively (Bullerman 1981). This may be due to 
substrate effects as well as a • Fungal growth and toxin 
w 
production may be inhibited by the presence of substrate compounds 
as demonstrated by Hitokoto et al. (1978). They showed that fungal 
growth was inhibited by mustard, green garlic, cinnamon bark and 
hops, whereas peppers, cloves, thyme and green tea only inhibited 
toxin production. Caffeine is responsible for inhibition of 
aflatoxin production in cocoa and coffee beans (Nartowicz et al., 
1979; Lenovich, 1981). The formation of aflatoxins is stimulated by 
the presence of certain amino acids, fatty acids and the element 
zinc (Venkitasubramanian 1977). There is a low incidence of 
aflatoxin contamination in soybeans even though there is a high 
incidence of fungal infection. Soybeans are rich in phytic acid, 
which is a strong chelating agent for zinc. It is possible, 
therefore, that only small amounts of aflatoxin are produced in 
soybeans because the zinc is bound and unavailable to the mould for 
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aflatoxin synthesis. 
1.2.3 The effect of microbial interactions on mould growth and 
toxin production 
On growing crops, and during subsequent storage of 
foodstuffs, moulds may be subject to interactions with other 
micro-organisms. Competing organisms generally result in inhibition 
of mould growth and/or toxin production. However, some 
micro-organisms can have a stimulatory effect on growth and toxin 
production. 
By far the greatest amount of research has been carried out on the 
I 
effects of microbial interactions on aflatoxin production. Studies 
by Ashworth, Schroeder and Langley (1965) showed that aflatoxin 
production by Aspergillus flavus in a mixed culture with A. niger 
was less than in pure culture. The inoculation time was important 
as little aflatoxin was produced if A. flavus was inoculated after 
growth of the other mould was apparent. Studies of the inoculation 
time on the interaction of micro-organisms have been carried out by 
I 
El-Gendy and Marth (1981) and Wiseman and Marth (1981), who studied 
the effects of Lactobacillus casei and Streptococcus lactis on 
aflatoxin production by A. parasiticus. In both cases aflatoxin 
production was unaffected if the mould was allowed to grow before 
addition of the other micro-organisms. 
Some competing organisms can inhibit toxin production without 
affecting growth of the mouldJe.g. A. candidus and A. chevalieri 
which ｾ｡ｮ＠ inhibit aflatoxin production by A. parasiticus (Boller and 
Schroeder 1973 & 1974). The ratio of moulds is also important, as 
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investigated by Hill et al. (1983). They found that a ratio of A. 
flavus:A. niger of less than 9:1 prevented aflatoxin formation. 
Aflatoxin formation in maize has been shown to be inhibited by ｾ＠
niger and Trichoderma viride (Wicklow et al. (1980). 
Toxin production in fermentation products can be restricted by other 
micro-organisms. Maing, Ayres and Koehler (1973) showed that the 
presence of A. oryzae resulted in less aflatoxin production by ｾ＠
parasiticus during soy sauce fermentation. The presence of the 
normal mycoflora in fermented sausages prevented toxin production by 
A. versicolor (Incze and Frank, 1976) - no sterigmatocystin was 
produced even though mould growth occurred. 
Some conflicting reports in the literature have arisen, presumably 
as a result of the difficulty in controlling mixed-culture 
interaction studies. For example, Alderman, Emeh and Marth (1973) 
showed that Penicillium purpurogenum inhibited aflatoxin production 
by A. parasiticus. Moss and Badii (1982) showed that low 
concentrations of rubratoxin B (a toxic metabolite of P. 
purpurogenum) enhanced aflatoxin production despite reducing the 
biomass of the mould. · 
The effect of a range of micro-organisms on aflatoxin production by 
A. parasiticus was studied by Weckbach and Marth (1977). They found 
that Rhizopus nigricans caused the greatest . inhibition of growth and 
aflatoxin production. They also found that the presence of bacteria 
could affect fungal growth and toxin production. Brevibacterium 
linens caused slight inhibition, whereas Acetobacter aceti actually 
stimulated ｾｯｵｬ､＠ -growth and aflatoxin production. 
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Thus the effects of microbial interactions on toxin production is 
complex and dependent upon a number of factors which include the 
type of competing organism as well as the stage of growth of the 
organism before exposure to the toxin-producing species. 
1.2.4 Surveillance data for toxigenic fungi in foods 
Since the discovery of aflatoxin there have been numerous 
papers and reviews on mycotoxins. It has been suggested by Mannon & 
Johnson (1985) that 25% of the world food crops are ruined by 
mycotoxins. As aflatoxin B1 has been demonstrated to be a potent 
carcinogen to some laboratory animals it continues to be ranked as 
the most important mycotoxin. Aflatoxin B1 is commonly found to 
be a contaminant of nuts and oilseeds, as well as cereals. 
A recent survey carried out by Hesseltine (1986) involved research 
workers from 30 countries, who were asked to name the six most 
important mycotoxins, ranked in order of importance. Aflatoxin led 
as the most important mycotoxin, with the trichothecenes leading in 
the second rank (Table 1.2). Trichothecenes such as deoxynivalenol 
and nivalenol have been demonstrated at ppm levels in wheat in 
Canada (Scott 1984) and Japan (Yoshizawa 1984). In Japan 205 
samples of wheat and barley examined showed a 75% incidence of 
deoxynivalenol and nivalenol, with average levels of up to 4 ppm. 
Some commercial barley flours contained 190 ppb nivalenol. In 
contrast, examination of home-grown UK cereals by Gilbert et al. 
(1984) showed that although low level ｯ｣｣ｵｾｲ･ｮ｣･＠ of deoxynivalenol 
was fairly common, the incidence of contamination levels of more 
ｴｨ｡ｾ＠ 0.1 mg/kg was only 4%. A higher contamination level was noted 
in imported N. American grains. A study by Bottalico et al. (1984) 
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Table 1.2 
MYCOTOXINS RANKED IN ORDER OF THEIR RELATIVE IMPORTANCE - RESULTS OF 
A POLL OF 30 COUNTRIES (Hesseltine 1986) 
MYCOTOXIN 1 2 3 
Aflatoxins 31 3 3 
Ochratoxin 7 3 4 
Trichothecenes 5 13 4 
Zearalenone 2 6 7 
Deoxynivalenol 2 3 3 
Citrinin 1 1 1 
Sterigmatocystin 2 2 
Patulin 2 
Cyclopiazonic acid 2 
Nivalenol 1 
Stachybotrys toxin 1 
Diplodiatoxin 1 
Skin-irritating factor 1 
Penicillium toxin 1 
Ergot 1 1 
Phomopsin 1 
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showed that there was a potential risk from Fusarium contamination 
of cereals in Italy producing deoxynivalenol or 3-acetyl 
deoxynivalenol. However, there was a prevalence of 
non-moniliform-producing strains of Fusarium indicating that this 
toxin was not an important threat for Italy. 
Such studies have highlighted the importance of particular 
mycotoxins and has led to the instigation of worldwide legislation 
for many mycotoxins. The surveillance data for mycotoxins has been 
supplemented with data on the incidence of toxigenic fungi in 
foods. This work has included not only chemical analysis for 
mycotoxins, but also toxicity data using various bioassay systems. 
The bioassay testing has the advantage of detecting previously 
"unknown" or uncharacterised toxins. Mould profile studies of 
various foods and feeds have been reported from worldwide sources 
e.g. Hiscocks (1965) (tropical foods) from England, Kurata et al. 
(1968) (various commodities) and Saito et al. (1971); 1974) (various 
commodities) from Japan, Leistner & Ayers (1968) (cured meats) from 
Germany, Hanlin (1973) (peanuts) and Huang and Hanlin (1975) 
(pecans) from the USA. Reviews of these reports indicate that the 
species most often isolated belong to 5 genera: Alternaria, 
Aspergillus, Cladosporium, Fusarium and Penicillium. Other genera 
commonly isolated include Mucor, Rhizopus and Wallemia. The 
incidence of these fungi on a range of foodstuffs is shown in Table 
1.3. 
Other studies have involved peppercorns (Mislivec et al. 1972), 
dried ｢･ｾｮｳ＠ (Mislivec et al. 1975 b) soybeans (Mislivec and Bruce 
1977), pecans Ｈｓ｣ｨｩｮ､ｬ･ｲｾ＠ al. 1974) and domestic and imported 
cheeses (Bullerman 1976). 
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Table 1.3 
INCIDENCE OF FUNGI IN VARIOUS FOODS 
MOULD RICE WHEAT FLOURS BEANS 
A. flavus +H- ++ ++ 
A. glaucus gp. -H+ +++ +++ -H+ 
A. ochraceus -H+ ++ ++ + 
A. versicolor -H+ +++ + + 
Alternaria ++ + 
P. citrinum +++ -H+ 
P. cyclopium +H-
P. viridicatum -H+ 
Fusarium ++ +t+. + 
Cladosporium ++ +++ + 
Mucor +++ +++ +++ 
---
Rhizopus -H+ ++ -H+ 
Wallemia -H+ -H+ +++ 
Frequency of occurrence: +++ Very frequent 
++ Moderate occurrence 
+ Infrequent 
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Toxigenic fungi are also potentially a problem in mould-fermented or 
mould-ripened ｰｲｯ､ｵ｣ｴｳｾ＠ An investigation by Leistner (1984) showed 
that Penicillium isolates from genuine samples of salami could 
synthesize mycotoxins in culture media. As many as 77% of isolates 
from Hungarian salami proved to be toxigenic. Further work showed 
that 10/15 Penicillium toxins were synthesized not only in culture 
media, but also in salami and/or raw ham. These are illustrated in 
Table 1.4. As a result of this work, a non-toxigenic starter 
culture of P. nalgiovense was introduced and is now commercially 
widely used for salami. 
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Table 1.4 
PRODUCTION OF MYCOTOXINS IN CULTURE MEDIA AND MEAT PRODUCTS 
(Leistner 1984) 
Produced in malt 
extract agar 
Brevianamide A 
Citreoviridin 
Citrinin 
Cyclopiazonic acid 
Fumitremorgen B 
Griseofulvin 
Mycophenolic acid 
Ochratoxin A 
Patulin 
Penicillic acid 
Penitrem A 
PR toxin 
Roquefortine 
Rugulosin 
Verruculogen TR1 
+ Produced 
(+) Slight production 
Not produced 
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Produced in salami 
and/or raw hams 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
(+) 
+ 
+ 
Many of the cheese ripening moulds e.g. Penicillium roquefortii and 
P. camembertii are also potential toxin producers. In a study of 80 
P. roquefortii isolates, 91% proved to be toxigenic of which 45 
isolates produced PR toxin, 12 patulin, 10 PR toxin and 
roquefortine, 5 roquefortine and 1 penicillic acid. Ten isolates 
also produced mycophenolic acid. It has been suggested that 
non-toxin producing strains of P. roquefortii should be selected for 
use as starter cultures. Leistner (1984) also found that all 69 
isolates of P. camembertii tested produced cyclopiazonic acid in 
cheese and indicated that further efforts should be made to 
introduce a sound starter culture for Camembert cheese. 
Several workers have used biological assays, some with chemical 
assays in parallel, to screen toxigenic fungi in foods. In general, 
this has involved only one or two bioassays. Natori et al. (1970) 
.,-
used He La cells to establish the toxinogenic potential of 33 
......_.; 
strains of A. ochraceus isolated from foods in Japan. Similar 
morphological patterns were produced in the cells by some isolates, 
which could be related to the production of ochratoxin A or 
penicillic acid. A screening test carried out by Saito et al. 
r-.. (1971) used He La cells and mice for the detection of 
_.... 
mycotoxin-producing fungi. These fungi had been isolated from 
feedstuffs and were screened for toxicity after growth in a range of 
culture media. · In this study the results of the animal and cell 
culture assay were generally in good agreement. However, a small 
percentage of fungi tested showed severe toxicity to mice, but 
little growth inhibition of He La cells and some fungi caused no 
- . ,.-. 
effects ｩｾ＠ mice; whilst being severely toxic to He La cells. These 
.._.,. 
workers concluded that a single biological test method is not 
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sufficient to provide any conclusion as to mycotoxin production. 
Some of the toxic effects observed could be related to known 
mycotoxin-producing moulds. However, a high percentage of moulds 
_.:that had not been previously examined for toxicity were shown to be 
toxic. An additional study by Saito et al. (1974) involved fungal 
isolates which were chosen according to frequency of occurrence, but 
also included species of mould which had not been previously tested 
for mycotoxins. They found that 66% of the isolates were toxic to 
He La cells and/or mice. Further work was carried out by Umeda et 
al. (1974) who re-tested 29 fungal isolates selected by the first 
screening of Saito et al. (1971). Some strains showed a marked 
reduction of toxicity - even though toxicity was clearly 
demonstrated in the first test. Typical examples were A. chevalieri 
and P. italicum, stressing the importance of maintaining fungi 
producing their metabolites in a stable condition. However, toxic 
compounds were isolated from many of the selected fungi and 
accounted for the toxicity in the bioassays. 
A screening method using day-old cockerels was developed by Kirksey 
and Cole (1974) for determining the toxin-producing potential of 
fungi isolated from peanuts. The method successfully detected fungi 
producing known mycotoxins including aflatoxins, ochratoxin A, 
sterigmatocystin, verruculogen and citrinin as well as unknown 
toxins from A. niger, Fusarium sp and Penicillium sp. 
Toxigenic fungi isolated from feedstuffs were detected by Archer 
(1974) using the chick embryo assay. Several isolates, including A. 
repens, A. versicolor, F. equiseti and Fusarium spp. were obtained 
from a oatch of mouldy hay suspected of caus.ing death of a pony. It 
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L------------------------------------------------ -----
was found that none of the Fusarium spp. were toxic to chick embryo, 
which is interesting, ·bearing in mind that many species of these 
fungi are capable of producing the acutely toxic trichothecenes. 
Most of the eggs exposed to extracts produced from A. versicolor did 
not grow at all, whereas A. repens extracts caused a high incidence 
of deformity in the chicks. Some isolates of a fungal species 
.proved to be toxic, whilst others were not, showing that the 
isolation of a particular species does not prove the presence of a 
toxin. 
The chick embryo assay in conjunction with the brine shrimp assay 
was used by Davis et al. (1975) to assess toxigenic fungi isolated 
from visibly mouldy supermarket food. It was found that 44% of the 
isolates were toxic to brine shrimps, and approximately 30% of the 
total isolates were also toxic to the chick embryo. It was of 
interest that only one out of seven Aspergillus spp. tested was 
toxic, whereas six out of nine Rhizopus spp. were toxic. Several of 
the toxigenic isolates were not recognised mycotoxin producers)e.g. 
Cladosporium sphaerospermum and Rhizopus nigricans. This 
investigation determined that 42% of mouldy foodstuffs examined were 
invaded by strains of fungi capable of elaborating toxic 
substances. However, it did not determine whether the foodstuffs 
contained known mycotoxins or were toxic per se. 
A survey by Torrey and Marth (1977) examined mouldy samples obtained 
from 66 households in USA using chemical analyses for specific 
mycotoxins as well as biological toxicity to mice of the fungal 
isolates. The isolates included Alternaria, Aspergillus, 
Cladosporium, Mucor, Penicillium and Rhizopus. ·The most frequent 
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mould was Penicillium - especially in refrigerated foods. 
Aspergillus predominated on the spices. Toxins detected included 
aflatoxins, ochratoxin A, patulin, penicillic acid and kojic acid. 
Two out of 58 isolates produced extracts lethal to mice. This 
suggested that a more serious attitude should be taken towards the 
presence of moulds in home-stored foods. 
The toxigenic potential of Aspergillus niger was highlighted by 
Glinsukon et al. (1979). Isolates were obtained from a variety of 
market foods in Bangkok and assessed for toxicity using weanling 
rats. More than 60% of the isolates were toxigenic; the major 
effects being necrosis of the tubular epithelium in the kidney. 
The danger of using partially mouldy tomatoes for the manufacture of 
tomato products was shown by Harwig et al. (1979). These workers 
used chemical analyses in conjunction with the brine shrimp assay to 
assess the toxicity of fungal isolates from decaying tomatoes. Of 
27 isolates tested, 8 produced more than 50% mortality of brine 
shrimps. The toxicity of 6 of the isolates could be attributed to 
citrinin, tenuazonic acid or T-2 toxin. The brine shrimp assay was 
also used by Leistner (1984) to study 1481 Penicillium isolates from 
various foods and feeds. The assay showed that 67% of the isolates 
were toxigenic. More than 50% of the isolates produced mycotoxins, 
including an undefined toxin, named "S-toxin". Considering the 
chemical and biological assays, 78% of the 1481 Penicillium isolates 
were toxigenic, therefore most of the penicillia occurring in foods 
or feeds should be regarded as potential mycotoxin producers. 
The problems_ posed by mouldy bread were investigated by Visconti and 
Bottalico (1983). They found high levels of ochratoxins A and B in 
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mouldy bread contaminated with A. ochraceus and Penicillium spp. 
The bread was used as .a feed for farm animals and was thought to be 
causally associated with a mycotoxicosis characterised by lethal 
gastroenteritis in poultry, rabbits and dogs. A cell culture assay 
using baby hamster kidney cells (BHK) was adapted by Patterson and 
Damoglou (1985) to assess mould-spoiled foods obtained from 
bakeries. Toxic metabolites were produced by 32% of the isolates, 
the majority of which were Aspergillus spp or Penicillium spp. Six 
isolates of P. expansum proved to produce patulin or penicillic 
acid, the toxic compounds produced by the remaining isolates could 
not be identified. Further work involved testing the isolates again 
after growth on pan bread. No patulin or penicillic acid was 
produced, and only 6% of the isolates caused toxicity to BHK cells. 
This indicated that conditions in the food were unfavourable for 
toxin production, or that the toxic metabolites had reacted with 
compounds in the food, resulting in inactivation of the toxin. 
Fungi which are capable of producing toxic metabolites are 
distributed over a large number of fungal families and no particular 
rule or principal exists concerning the ability to produce 
mycotoxins. Although many toxicological studies have been carried 
out on well-known mycotoxins, such as aflatoxin B1 and T-2 toxin, 
studies have recently been made on Zygomycetes such as Rhizopus. It 
was found by Thompson et al. (1982) that crude fungal extracts 
. . 
produced from Rhizopus spp. contained numerous fluotescent 
compounds. These compounds were observed to affect the growth of B. 
megaterium. Inhibition of the bacteria was found to be 
bacteriostatic. Cells from the inhibition zone were observed by 
phase contrast microscopy and filamentous cells were seen to be 
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present after 24 and 48 h exposure to the fungal extracts. These 
cells were capable of .reverting to normal growth and division when 
placed on a medium without the presence of the fungal extract. 
Similar findings were noted by Beuchat and Lechowich (1971) when B. 
megaterium was grown in the presence of aflatoxin B1 • They 
suggested that aflatoxin B1 could be binding to the locus on the 
DNA molecule which may be responsible for the control of septum 
formation. This inhibition may still leave the cell capable of 
synthesising other cellular components, and thus to form filaments. 
Work by Wilson et al. (1984) led to the isolation of rhizonin A from 
Rhizopus microsporus. This toxin has shown to be a potent 
hepatotoxin in rats. It was found, however, that rhizonin A did not 
account for all the toxicity of R. microsporus. This was confirmed 
in later work by Rabie (1986). In a study of 137 strains of 
Rhizopus, 70 proved to be toxic to ducklings. Strains of 4 species 
namely R. arrhizus, R. chinensis, R. microsporus, and R. microsporus 
var. chinensis were acutely toxic to rats, but did not produce 
rhizonin A. These species induced totally different effects in rats 
suggesting that different unknown mycotoxins were involved. 
These studies have highlighted the problems posed by toxigenic fungi 
worldwide. Susceptible foods have included meats, cheese, nuts, 
cereals, tomatoes, and bread from supermarket and household 
sources. They have also indicated the value of running parallel 
studies of chemical and biological assays, particularly in the 
recognization of previously uncharacterised toxins. 
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1.3 Factors affecting the toxicity of mycotoxins 
The chemical and biological nature of mycotoxins is highly 
diverse, and it is very difficult to distinguish clearly between 
types of fungal metabolites that are toxic and those that are 
non-toxic. The acute toxicity depends on the species, age and sex 
of the animals, as well as on the route of administration of the 
toxin. The carcinogenic or mutagenic potential.will be dependent 
upon the metabolic activation of the toxin. Differences observed 
between in vivo and in vitro assessments of toxicity are dependent 
upon a number of factors. The manifested toxicity in animals may 
depend upon the absorbability of the mycotoxin from the digestive 
tract. Absorbed mycotoxins are transported to the liver, kidney and 
other organs where they can be metabolised to more active toxic 
substances. However, metabolism of mycotoxins may also result in 
detoxification. Multiple toxins occurring together in a food or 
feedstuff may react synergistically to cause enhanced toxicity. The 
effects of these factors on toxicity will be discussed in more 
detail. 
1.3.1 General toxicity 
Mycotoxins can affect various organs and tissues of animals 
and their different affinities to the organs allows them to be 
grouped as hepatotoxins or nephrotoxins for example. The · target 
organs of some mycotoxins are shown in Table 1.5. Mycotoxins are 
usually capable ｯｾ＠ affecting many organs; aflatoxin B1 can affect 
liver, kidney, circulatory and central nervous system. However, 
because the liver is affected most frequently and severely, 
aflatoxin B1 is known as a hepatotoxin. (Clifford and Rees 
(1966); Cooper (1979)). 
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TABLE 1.5 
TARGET ORGANS OF MYCOTOXINS 
Organs affected 
Liver 
Digestive tract 
Kidney 
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Mycotoxins 
Aflatoxin Bl 
Aflatoxin B2 
Aflatoxin Gl 
Aflatoxin M1 
Sterigmatocystin 
Rubratoxin B 
Ochratoxin A 
Patulin 
Aflatoxin B1 
Ochratoxin A 
12, 13-epoxytrichothecenes 
Aflatoxin B1 
Aflatoxin G1 
Sterigmatocystin 
Ochratoxin A 
Citrinin 
Patulin 
Bone marrow 
Skin 
Reproductive 
Nervous System 
Heart 
Lung 
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12, 13-epoxytrichothecenes 
Ochratoxin A 
12, 13-epoxytrichothecenes 
Patulin 
Zearalenone 
Aflatoxin B1 
Citreoviridin 
Penitrem A 
Patulin 
Aflatoxin B1 
Cyclopiazonic acid 
Rubratoxin B 
Aflatoxin B1 
Patulin 
12, 13-epoxytrichothecenes 
Reproductive organs are damaged by a limited number of mycotoxins, 
the most important one.being zearalenone, produced by Fusarium 
graminearum. This toxin causes vulvovaginitis and infertility 
(Mirocha and Christensen (1974). The bone marrow is severely 
attacked by the trichothecenes and it has been suggested that these 
toxins were responsible for alimentary toxic aleukia (Joffe 1983). 
Neurotoxic mycotoxins include citreoviridin and ｴｾ･ｭｯｲｧ･ｮｳ＠ such as 
penitrem A (Uraguchi 1969; Purchase 1974). The trichothecenes are 
also severely dermotoxic; this has been utilised to form a bioassay 
- the rabbit skin patch test (Joffe and Palti 1974). 
The extent of species variability in mycotoxin toxicity is 
appreciable, particularly in the case of aflatoxin B1 • Animals of 
different species vary in their susceptibility to acute aflatoxin 
poisoning, with LD50 values ranging from 0.3 to 17.9 mg/kg. The 
duckling and rabbit are highly susceptible to acute toxic effects, 
whilst mouse and hamster are resistant. The effects on the rat vary 
widely according to sex and age of the animal; the adult female rat 
being most resistant to the effects of the toxin. Differences in 
male and female human susceptibility to the risk of cancer caused by 
aflatoxin have also been shown by Peers and Linsell (1977) in which 
man is more prone to cancer than woman. 
Conversely, the trichothecene mycotoxins demonstrate similar acute 
toxicities in different animal species. The acute toxicity of some 
mycotoxins is shown in Table 1.6. Sterigmatocystin shows variable 
effects on different animal species, in line with aflatoxin B1 • 
The susceptibility of different animals reflects their metabolism 
and suggests that aflatoxin B1 and sterigmatocystin need to be 
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actively metabolised to demonstrate toxicity, whereas the 
trichothecenes do not.· This will be discussed further in more 
detail. 
TABLE 1.6 
ACUTE TOXICITY OF SOME MYCOTOXINS 
1.3.2 
SPECIES 
Mouse 
ｾｴ＠
Aflatoxin 
Bl 
9.0 
5.5-18 
Duckling 0.3 
Monkey 2.2-7.8 
Metabolism of toxins 
LD50 mg/kg P.o. 
Sterigmatocystin T-2 
toxin 
800 7.0 
166 4.0 
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Diacetoxy-
scirpenol 
7.3 
7.3 
Most mycotoxins show a good correlation between toxicity in 
in vivo and in vitro systems. However, differences do exist and can 
be explained by absorbability of the mycotoxin from the digestive 
tract and metabolism in the animal. The toxicity in in vitro 
-
culture systems depends on the solubility of the mycotoxin and 
susceptibility of the cultured cells. Primary culture cells derived 
from the liver and kidney ｦｲ･ｱｾ･ｮｴｬｹ＠ show severe injuries, since 
they have the ability to metabolise the incorporated mycotoxin into 
an active form. The factors affecting the incorporation of 
activated mycotoxins into target cells in in vitro and in vivo 
systems are summarized in Fig. 1.1. 
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Fig 1.1 
FACTORS AFFECTING THE INCORPORATION OF MYCOTOXINS INTO TARGET CELLS 
IN IN VITRO AND IN VIVO SYSTEMS (Terao & Ueno 1978) 
A- - ,-
\ 
\ 
\ 
Digesttve 
tract 
4/ 
® 
1 
" 
In vivo systems 
Liver 
....... ｾ＠-
Kidney 
In vi±ro ｳｾｳｴ･ｭｳ＠
.., 
@ A c!J 
2 3 
A Mycotoxin; A' Activated mycotoxin 
/ 
/ 
/ 
-;Target 
/ 
A @ 
4 
In vivo system: Mycotoxins are absorbed from the digestive tract 
and transported to the liver and/or kidney where they may be 
activated and further affect the target. Some mycotoxins cannot be 
absorbed. 
In vitro system: 1. Some mycotoxins, insoluble in the culture 
media reveal no cytotoxicity. 2. Cytotoxicity depends on the 
permeability of the cell to the mycotoxin. 3. Mycotoxins are 
incorporated into the cell body but no cytotoxicity is displayed -
the toxin is stable or not activated by the c:ell. 4. The cell 
metabolizes the toxin and the activated toxin injures the cell body. 
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There have been many papers examining the metabolism of aflatoxin 
B
1
, due to its biological potency and its presence in naturally 
contaminated food samples. The metabolism is covered in detail in a 
review by Neal (1987), and is summarised in Fig. 1.2. The following 
metabolites are formed:-
Aflatoxin M1 
This hydroxylated metabolite of aflatoxin B1 is found in the milk 
and urine of animals fed an aflatoxin B1-contaminated diet. 
Approximately 2.2% of ingested aflatoxin B1 appears in the milk 
daily as the metabolite aflatoxin M1 in dairy cows (Patterson et 
al. (1980). 
Aflatoxin B2a 
This compound was originally reported to be a microsomal metabolite 
of aflatoxin B1 by Patterson and Roberts (1972) and Patterson 
(1973 ). They suggested that aflatoxin B2a' the hemiacetal, 
readily opens, exposing aldehydes that can form Schiff bases with 
amino groups, thus leading to stable binding forms. Work by Gurtoo 
(1973) and Gurtoo and Dahms (1974) concluded that the bound form of 
the toxin to microsomes in vitro was aflatoxin B2a and that the 
formation of this derivative represents a major metabolic pathway. 
Other workers (Schabort & Steyn 1972) have suggested that a low 
level formation of aflatoxin B2a occurs non-enzymatically through 
a hydration of the furan double bond in the absence of cofactors. 
Aflatoxin P1 
This metabolite is generally considered to be a detoxification 
product. It is formed by a mixed function oxidase-catalysed 
o-demethylase reaction. It represented about 20% of the 
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administered dose of aflatoxin B1 in monkeys (Dalezios et al. 
1971) and has been detected in in vitro metabolism studies (Vaught 
et al. 1977). 
Aflatoxin Q1 
In the presence of NADPH aflatoxin Q1 is one of the principal 
non-polar metabolites produced by the microsomal metabolism of 
aflatoxin B1 (Dahms and Gurtoo 1976; Neal and Colley 1978). It is 
formed by hydroxylation of aflatoxin B1 , at a position to the 
carboxyl group in the cyclopentenone ring, and has been shown to be 
the major metabolite produced by primate microsomal metabolism 
(Masri et al. 1974). 
Aflatoxicol 
The conversion of aflatoxin B1 to aflatoxicol is catalysed by a 
reversible reductase in the soluble fraction of liver homogenates 
and is dependent on NADPH (Patterson and Roberts 1972; Salhab and 
Edwards 1977). These workers suggested that aflatoxicol may serve 
as an intracellular reservoir of aflatoxin B1 and thus enhance the 
toxic action of aflatoxin B1 • The Ames mutagen assay has revealed 
aflatoxicol as the most potent mutagen of ·all the isolated 
metabolites of aflatoxin B1 (Wong and Hsieh 1976). Therefore, the 
activity of cytoplasmic reductase in a species has a definite 
positive influence on its susceptiblity. 
Aflatoxicol M1 
This has been reported to be formed either by the cytosol-catalysed 
reduction of aflatoxin M1; or the microsomal mixed function 
oxidase-catalysed hydroxylation of aflatoxicol (Salhab et al. 1977). 
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Aflatoxicol H1 
This has been reported. to be a major metabolite of aflatoxin B1 by 
human or rhesus monkey liver in vitro (Salhab and Hsieh 1975). It 
is formed either by the cytosol-catalysed reduction of aflatoxin 
Q1 or by the cytochrome-catalysed hydroxylation of aflatoxicol. 
Aflatoxin B1 epoxide 
It has not been possible to isolate this metabolite or synthesize it 
chemically, probably due to its high reactivity. However, evidence 
indicates that aflatoxin B1 2-3 epoxide is probably the reactive 
precursor of the macromolecular adducts formed with nucleic acids. 
The first direct evidence was produced by Swenson et al. (1973) who 
found that hydrolysis of RNA-adducted aflatoxin B1 yielded the 
dihydrodiol (2,3-dihydro-2,3-dihydroxyaflatoxin B1 ). It is 
probable that the precursor epoxide of aflatoxin B1 is the 
ultimate carcinogenic form of the compound. 
After formation, the epoxide can react with cellular macromolecules, 
particularly RNA and DNA, to form adducts, it can be hydrolysed to 
form aflatoxin B1-dihydrodiol, or react with reduced glutathione, 
in the presence of glutathione-S-transferase enzymes to form a 
glutathione conjugate (Degen arrd Neumann 1978; Moss et al. 1983). 
Aflatoxin B1-dihydrodiol 
This is formed by the enzymatic or non-enzymatic hydrolysis of 
aflatoxin B1-epoxide. Aflatoxin B1-dihydrodiol spontaneously 
degrades in the presence of Tris/HCl buffer pH 7-8, to form a 
water-soluble fluorescent derivative (Neal and Colley 1978) which 
can be assayed. ａｦｬ｡ｾｯｸｩｮ＠ _B1-dihydrodiol _ can undergo Schiff base 
formation with protein primary amino groups (Neal and Colley 1979; 
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Neal et al. 1981), a reaction which is accompanied by a change in 
the spectral characteristics (A max. shift from 365 nm to 400 nm). 
It is believed that aflatoxin B2a was misidentified as the 
NADPH-dependent microsomal metabolite involved in protein binding of 
aflatoxin B1 by Gurtoo and Dahms (1974) due to similarities in 
spectral characteristics. In vitro studies have shown that the 
formation of aflatoxin B1-DNA adducts will compete effectively 
with the formation of aflatoxin B1-dihydrodiol. (Guengerich 
1979). A scheme illustrating the probable pathways involved is 
shown in Fig. 1.3. 
Further metabolism of aflatoxin may involve the formation of 
sulphate and glucuronic acid conjugates of aflatoxin B1 , P1 , 
M1 and Q1 (Wei et al. 1981). These reactions usually proceed at 
a rate sufficient to ensure that activated metabolites do not 
accumulate in the cell. 
Conjugates of aflatoxin M1 and Q1 can be detected in the urine 
of monkeys, rats and mice after dosing with aflatoxin B1 (Wei et 
al. 1985). Metabolism studies of aflatoxin B1 with hepatocytes 
(Metcalfe and Neal 1983 a) demonstrated the production of 
aqueous-soluble material, considered to consist of conjugated 
metabolites of aflatoxin B1 • The increased formation of polar 
metabolites of aflatoxin B1 correlated ｷｩｴｾ＠ a decreased 
susceptibility to the toxin. These polar metabolites may represent 
detoxification products, thus resulting in reduced binding of 
activated aflatoxin B1 to DNA. 
Microsomal activation of aflatoxin B1 into a reactive epoxide and 
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Fig. 1.3 
SUGGESTED SCHEME FOR FORMATION OF ACTIVATED FORMS OF AFLATOXIN B1 
IN IN VITRO MICROSOMAL INCUBATIONS AND THEIR REACTION WITH 
MACROMOLECULES 
Aqueous 
medium 
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Microsomal 
membrane 
its subsequent interaction with cellular DNA, RNA and protein, has 
been implicated in the. mechanism of acute toxicity and 
carcinogenesis. Aflatoxin B1 binds cellular macromolecules and 
inhibits RNA and protein synthesis preceeding histopathological 
alterations. Studies with isolated rat hepatocytes by Ch'ih et al. 
(1983) showed the effect of two microsomal enzyme inhibitors on the 
activation of aflatoxin B1 and deactivation of the aflatoxin 
B1-epoxide. They found that metyrapone inhibited cytochrome 
P450-linked mixed function oxidases and reduced aflatoxin B1 
uptake and binding in isolated hepatocytes. The deactivation of 
aflatoxin B1-epoxide was inhibited by 
1,2-epoxy-3,3,3-trichloropropane, which resulted in enhanced 
aflatoxin B1 binding to DNA and protein. This supported the 
notion that activated aflatoxin B1 binds to DNA resulting in 
impairments of DNA template activity leading to cell death. 
The carcinogenicity of aflatoxin B1 is dependent on the presence 
of both a dihydrodifuran moiety and an unsaturated delta-lactone 
(Ayres et al. 1971); thus the aflatoxins B2 , G2 and M2 have 
lower activities. The mutagenically active form of aflatoxin B1 
is thus generated by the epoxidation of the 2,3 double bond in the 
terminal furan ring. Studies by Wong et al. (1977) showed the 
bisfuran moiety to be essential for mutagenicity, and compounds also 
containing the coumarin structure showed -ten times more activity. 
Sterigmatocystin contains the same bisfuran ring structure as 
aflatoxin B1 but has a xanthone moiety in place of the coumarin. 
It is less toxic than aflatoxin B1 and is also reported to be less 
mutagenic (Ames·et al. 1973). The structural similarity between 
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aflatoxin B1 and sterigmatocystin suggests for the latter a 
metabolic activation on the same site, i.e. the C-2 C-3 double bond 
in the terminal furan ring. Experimental data (Essigmann et al. 
1979) has confirmed this and identified a major guanine-containing 
7 
adduct as 1,2-dihydrodiol-2-(N guanyl)-1-hydroxy-sterigmatocystin. 
Work on the further metabolism of sterigmatocystin was performed by 
Steyn and Thiel (1976). They found that sterigmatocystin was 
excreted via the bile and urine of vervet monkeys as the glucuronide 
conjugate of sterigmatocystin itself, although approximately 70% of 
the toxin was excreted unchanged via the faeces. Unlike aflatoxin 
B1 , which undergoes 0-demethylation (to form aflatoxin P1 ), 
followed by conjugation with glucuronic acid in monkeys, 
sterigmatocystin possesses a free phenolic hydroxyl group which is 
capable of conjugation. The methoxyl group of sterigmatocystin 
remains intact in the major urinary products. The urinary 
metabolites of aflatoxin B1 and sterigmatocystin are shown in Fig. 
1.4. 
Studies on the metabolism of T-2 toxin have been made by several 
workers. Metabolism of trichothecenes may result in a 'carcinogenic 
potential' as stated by Agrelo and Schoental (1980). It had 
previously been assumed that trichothecenes do not need metabolic 
activation, but exert an irritant action locally - on skin or in the 
digestive tract. Studies by Ueno et al. (1978) showed that 
trichothecenes, including T-2 toxin and fusarenon-X, were not 
mutagenic to Salmonella typhimurium. 
Agrelo and Schoental (1980) studied human fibroblasts which had been 
treated with T-2 toxin and HT-2 toxin. The addition of hydroxyurea 
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Fig. 1.4 
THE URINARY METABOLITES OF AFLATOXIN Bl AND STERIGMATOCYSTIN 
0CH3 
Aflatoxin B1 
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in the test suppressed the scheduled DNA synthesis and allowed 
repair of DNA in cells damaged by carcinogens to become apparent. 
Both T-2 toxin and HT-2 toxin showed non-carcinogenic effects on the 
human fibroblasts in cell culture. However, HT-2 toxin plus a liver 
microsomal fraction S9 acted as a carcinogen and increased repair 
DNA synthesis at high concentrations of HT-2 toxin. 
The carcinogenic potential of T-2 toxin was also examined by 
Lafarge-Frayssinet et al. (1981). They used the correlation between 
carcinogenic potency and DNA damage as a measure of 
carcinogenicity. The test involved the induction of DNA 
single-strand breaks by T-2 toxin. Although T-2 toxin could induce 
such breaks in the DNA of lymphoid cells, no damage occurred to 
liver DNA. These workers questioned whether the results of acute 
toxicity of T-2 toxin could be correlated with carcinogenicity, as 
studies showed only a small margin between the lethal and 
carcinogenic dose of T-2 toxin in rats. 
As opposed to metabolically activating the trichothecenes, several 
workers have suggested that metabolism of these toxins results in 
reduced toxicity. The metabolism of ingested material by ruminal 
microbes may-·be considered to be a first line of defence against 
toxins in the diet - but not if substances become toxic as a result 
of the action of rumen microbes. Kiessling et al. (1984) showed 
that rumen protozoa deacetylated diacetoxyscirpenol and_T-2 toxin to 
form monoacetoxyscirpenol and HT-2 toxin. This should reduce 
toxicity as these compounds are less active inhibitors of protein 
synthesis than are their parent compounds (Ohta et al. 1978). Work 
by Yoshizawa et al. (1981) showed that T-2 toxin administered to 
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lactating cows, was rapidly absorbed from the gastro-intestinal 
tract and within 72 hr.almost all of the toxin and its metabolites 
had been rapidly excreted in the urine and faeces. HT-2 toxin 
formed a minor metabolite, which was converted to T-2 tetraol via 
4-deacetylneosolaniol. The metabolites transmitted into the tnilk 
represented only 0.2% of the administered dose. Work by Mirocha 
(1986) confirmed the formation of these metabolites. 
Studies on another Fusarium toxin, namely zearalenone, suggest that 
metabolism of this toxin may result in the production of a compound 
with increased toxicity. Mirocha et al. (1981) looked at the in 
vivo metabolism of zearalenone in laboratory and farm animals, 
including man. The cow excreted more than 50% of urinary 
zearalenone derivatives as total,B-zearalenol, whereas swine in 
common with man, excretedo<-zearalenol as their major metabolite. 
The milk samples showed o{-zearalenol, not /3 -zearalenol, as the major 
metabolite. The synthesis ｯｦｾＭｺ･｡ｲ｡ｬ･ｮｯｬ＠ by various animals is 
significant because this metabolite is three to four times more 
active oestrogenically than the parent compound zearalenone (Hagler 
et al. 1979). However, this derivative is often found as the 
glucuronic acid conjugate, which may result in reduced toxicity. 
Similar results were found by Kiessling et al. (1984) using rumen 
microbes to metabolise the toxin. These workers also showed that 
rumen protozoa caused nearly 100% removal of ochratoxin A. The 
toxin was converted into ochratoxino(, which is non-toxic as regards 
renal effects in pigs. 
Ochratoxin A is converted into 4-hydroxyochratoxin A by primary 
cultures of rat hepatocytes (Hansen et al. 1982). It was found that 
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once the toxin had been hydroxylated the hepatocytes released the 
product quickly and it could be recovered from the growth medium. 
After 24 to 48 hr incubation, the amount of hydroxylated product was 
up to 3,000 times more than that associated with the hepatocytes. 
It has been reported that ochratoxin A inhibits protein and RNA 
synthesis in cultured hepatoma cells, and that this effect could be 
reversed by the addition of phenylalanine (Creppy et al. 1979). It 
could be that the presence of phenylalanine in the medium used in 
the above experiments was sufficient to reverse the possible effect 
of ochratoxin A on protein synthesis. Thus, cells remained viable 
and able to hydroxylate ochratoxin A in increasing amounts for up to 
48 hr. 
These studies have shown that in the case of aflatoxin B1 and 
sterigmatocystin, metabolism by in vivo and in vitro systems is 
important in activating the toxic effects. Other toxins, such as 
T-2 toxin, and ochratoxin A may well be detoxified after metabolism 
by the animal. 
1.3.3 Synergistic Effects of Mycotoxins 
Mixtures of mycotoxins may be produced in foods due to 
synthesis of several compounds by a single mould, or by 
contamination with several species. For example, Fusarium spp.can 
produce a range of trichothecenes and zearalenone; Aspergillus 
ochraceus . produces both ochratoxin A and penicillic acid. 
Experiments carried out by Lindenfelser et al. (1973) showed a 
synergistic effect on the LD50 value for ochratoxin A and 
penicillic acid administered to female mice. Similar results were 
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found for aflatoxin B1 and T-2 toxin in a later study by 
Lindenfelser et al. (1974). They found that mortality in . groups of 
mice treated with a combination of aflatoxin and T-2 was clearly 
showing synergistic effects when compared to groups treated with 
individual toxins. A recent study by Pier et al. (1986) reviewed 
the major features of the known immunosuppressive actions of 
aflatoxin and T-2 toxin and reported new findings concerning 
separate and combined effects on the cell mediated immune response. 
They found that the weight gain in guinea pigs treated with combined 
toxins was significantly different to individual toxin treated 
groups but the effect was scarcely more than additive. Similarly, 
the difference in delayed cutaneous hypersensitivity (an indicator 
of mycotoxic cell mediated immune response) of an aflatoxin/T-2 
toxin combination group was no more than additive. However, in 
agreement with earlier work by Lindenfelser et al. (1974) death 
losses in combination toxin groups were clearly synergistic when 
compared to individual toxin treated groups. 
The Ln50 values for mycotoxins alone and in various combinations 
can be plotted to form an isobologram (Fig. 1.5). The straight 
dashed line shows the expected LD50 values assuming an additive 
response. The solid curve obtained by plotting the observed LD50 
values signifies a synergistic effect for two mycotoxins. 
Synergistic ･ｾｦ･｣ｴｳ｟ｨ｡ｶ･＠ also been demonstrated between aflatoxin 
B1 and rubratoxin B. Rubratoxin B is- less acutely toxic, but may 
enhance the toxicity of aflatoxin B1 (Wogan et al. 1971). These 
workers found that subacute dosing of rats with aflatoxin B1 or 
rubratoxin B caused no death, but when exposed simultaneously to 
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Fig. 1.5 
ISOBOLOGRAMS FOR OCHRATOXIN AND PENICILLIC ACID (A) AND FOR 
AFLATOXIN B1 AND T-2 TOXIN (B) 
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these toxins, a high mortality rate occurred. A similar increase in 
the death rate of guinea pigs was found from aflatoxin B1 and 
rubratoxin B combinations by Richard et al. (1974). ｓｾＱ･ｲｧｩｳｴｩ｣＠
effects on mortality and body weight gains of day-old rats were 
demonstrated by Hayes et al. (1977) working with the above two 
toxins. Although significant inhibition of mitochondrial ATPase and 
hepatic drug-metabolizing enzyme systems was demonstrated following 
exposure to aflatoxin B1 or rubratoxin B, no interactive effects 
of these toxins could be seen (Phillips et al. 1980). 
As well as affecting the toxicity of aflatoxin B1 , rubratoxin B 
has been shown to influence aflatoxin production by A. parasiticus 
(Moss & Badii 1982). High concentrations of rubratoxin B (>50 
pg/ml) caused a reduction in growth of A. parasiticus and reduction 
of aflatoxin production in line with the reduced biomass. However, 
concentrations of 10 pg/ml rubratoxin B caused a significant 
increase in production of aflatoxin B1 and G1 despite the 
reduced biomass. 
Aflatoxin B1 can also react synergistically with aflatoxin G1 to 
cause an increased mortality in guinea pigs (Richard et al. 1984). 
In the same study, the skin sensitivity to Mycobacterium 
tuberculosis antigen was reduced by aflatoxin B1 levels 
independently of aflatoxin G1 . 
It has been shown by Perry et al. (1982 a) that Aspergillus nidulans 
is antibiotically active due to the synergistic action of 
sterigmatocystin and another metabolite (component I - a high 
molecular weight glycoprotein). These two compounds interact to 
inhibit Gram +ve, but not Gram -ve, bacteria - suggesting an effect 
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on the bacterial cell wall. No synergistic effects were found from 
aflatoxin B1 , G1 or ､ｩｾｹ､ｲｯｳｴ･ｲｩｧｭ｡ｴｯ｣ｹｳｴｩｮ＠ with component I, 
showing that the unsaturated bifuran moiety was important, but also 
other structural features of the sterigmatocystin molecule were 
necessary. Further studies by Perry et al. (1982 b) showed that 
filamentous forms of Bacillus subtilis were apparent after 
incubation with sterigmatocystin and component I. The cells were 
impermeable to sterigmatocystin unless component I was present; then 
irreversible selective inhibition of DNA synthesis occurred. 
Work by Kanisawa (1984) demonstrated that simultaneous 
administration of ochratoxin A and citrinin enhanced the incidence 
of renal cell tumours, but not hepatomas in mice. This illustrated 
the increased risk of nephrotoxicosis and renal cancer from a mixed 
contamination of ochratoxin A and citrinin in the environment: 
these toxins are often found occurring together in grains. It was 
interesting to note that the synergistic action was demonstrated 
only to the renal carcinogenesis and nephrotoxicity of ochratoxin A, 
but not to hepatic carcinogenesis. The combined administration of 
aflatoxin B1 and ochratoxin A is reported to enhance only the 
incidence of hepatocarcinogenesis (Kanisawa 1984). This is 
compatible with the observation that aflatoxin B1 is a 
hepatocarcinogen and citrinin is nephrotoxic, while ochratoxin is 
enhancing these activities although it is a nephrotoxin in its own 
right. 
The long term combined nephrotoxicity of citrinin and renal 
carcinogens, such ｾｳ＠ ､ｩｭｾｴｨｹｬｮｩｴｲｯｳ｡ｭｩｮ･Ｉｨ｡ｳ＠ been discussed by Ueno 
artd Ueno (1978). Citrinin causes renal damage, but no tumour 
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formation in rats. Short term exposure to dimethylnitrosamine and 
long-term feeding of ｾｩｴｲｩｮｩｮ＠ increased the rate of renal tumours -
therefore prior acute renal damage enhanced the subsequent tumour 
formation by citrinin. 
Toxicants may be metabolized by the liver and other tissues to 
active compounds which react with cellular constituents to cause 
cellular damage or genetic injury. This can be enhanced by 
pretreatment of the animal with inducers of drug metabolism)e.g. 
3-methylcholanthrene, a potent carcinogen (Metcalfe and Neal 
1983a). This suggests that the DNA-modifying activity of aflatoxin 
B1 is enhanced by other carcinogenic chemicals. It is possible 
that a certain carcinogenic mycotoxin is capable of increasing the 
carcinogenic efficiency of other mycotoxins. However, evidence 
produced by Metcalfe and Neal (1983b) suggests that aflatoxin B1 
does not induce its own metabolism. This was deduced from the fact 
that in vivo feeding of aflatoxin B1 to rats did not affect the 
rate of aflatoxin B1 utilisation in vitro by hepatocytes. 
Studies on combined toxicity of mycotoxins demonstrate the 
importance of biological assays in demonstrating synergistic toxic 
effects. Commodities simultaneously contaminated with two or more 
mycotoxins may produce enhanced acute toxicity or carcinogenic 
effects. These factors should be borne in mind when setting 
guidelines for ｬ･ｶ･ｾｳ＠ of mycotoxins in foods and feedstuffs. 
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CHAPTER 2 
2.0 Sensitivity of bioassays to mycotoxins 
2.1 Introduction 
Assays based on a biological response (bioassays) offer the 
possibility of screening foodstuffs for both known and 
uncharacterized (unknown) mycotoxins. Such unknown mycotoxins could 
not be detected by chemically based assays. Bioassays are generally 
non-specific, the aim being to monitor for biologically harmful 
agents. 
Biological systems that have been used to detect the presence of 
mycotoxins include micro-organisms, aquatic animals, tissue culture 
systems and plants. There are many factors contributing to the 
toxicity of. mycotoxins and the sensitivity of biological assays to 
different mycotoxins varies. A single biological test method may 
therefore be insufficient to detect the production of mycotoxins. 
The purpose of this part of the study was to produce a battery of 
biological assays which could be reliably used to detect a wide 
range of mycotoxins. Based on earlier reviews of the literature 
e.g. Watson and Lindsay (1982), the systems chosen were the brine 
shrimp (Artemia salina), two bacteria, namely Bacillus megaterium 
and B. stearothermophilus, animal cell lines (baby hamster kidney 
and rat liver) and pea seedlings. An alternative microbial assay 
involving the use of protozoa was also investigated. 
2.2- Experimental P·rocedure 
2.2.1 Brine Shrimp Assay 
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Materials 
Brine shrimp eggs (Betta Aquaria) 
Brine shrimp hatchery and air pump (local pet shop) 
Paper discs, 9 mm diameter (Scheicher & Schuell Inc) 
Plastic trays, well 19 x 19 mm (Sterilin) 
Glass coverslips, 16 mm diameter (Baird & Tatlock) 
CommercialChloros (Durham Chemical Laboratories Ltd) 
Mycotoxin standards (Sigma Chemical Co Ltd) 
Method 
The following formulation (brine shrimp medium - BSM) was 
used as artificial seawater (Harwig & Scott, 1971) to support the 
brine shrimp larvae, and ensure a good hatch: NaCl 30 g; 
CaC12 .2H20 0.3 g; MgS04 .7H2o 0.5 g; MgC12 .6H2o 1.5 g; 
KCl 0.8 g; MgBr2 .6H20 0.1 g; glycine 6.0 g; distilled water to 1 
litre. The medium was autoclaved at 121°C for 15 min. A small 
scoop of brine shrimp eggs (e.g. the end of a spatula) was placed in 
a glass beaker and 250 ml distilled water added. The suspension was 
aerated vigorously for one hour. Sodium hypochlorite solution was 
added (20 ml of commercial (Jrrloros diluted 1 + 19 in distilled 
water) -and the suspension again aerated vigorously for a maximum of 
15 min. (This served to soften the egg cases for more rapid 
hatching of the shrimps). 
The eggs were removed from the solution using a plastic filter 
(supplied with the hatchery) and thoroughly washed with distilled 
water. The hatchery was filled with brine shrimp medium (750 ml), 
the eggs placed in the outer compartments and the lid replaced. The 
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hatchery was aerated continuously with an aquarium pump and at room 
temperature the brine shrimps hatched within 24-36 h and swam 
towards the light at the centre of the hatchery. 
A plastic repli-dish, containing 25 square wells (19 x 19 mm) was 
used for the tests. A glass coverslip (16 mm) was added to each 
well, and a paper disc (9 mm) placed directly on top of the 
coverslip. The paper disc was used as a carrier of the toxin and 
the glass coverslip to protect the plastic dish from chloroform 
solution. Each disc was inoculated with 20 pl of toxin standard (in 
chloroform). Five replicates of each toxin standard were tested, 
together with five replicate solvent controls. The solvent was 
allowed to evaporate before the addition of brine shrimps in 
seawater suspension (0.5 ml). 
Tests to optimise the assay were investigated using aflatoxin B1 • 
The effect of incubation time and temperature on sensitivity of the 
0 
shrimps was examined by carrying out replicate assays at 30 C and 
ambient temperature. Mortality of shrimps was recorded after 16, 20 
and 24 h. The presence of any "weak" shrimps was noted. 
After optimisation of the test conditions, the sensitivity of the 
brine shrimp assay to the following mycotoxins was examined: 
aflatoxin B1 , B2 , G1 , G2 , citrinin, deoxynivalenol, 
diacetoxyscirpenol, ｭｹ｣ｯｰｨｾｮｯｬｩ｣＠ acid, ochratoxin A, patulin, 
penicillic acid, PR toxin, roquefortine, sterigmatocystin and T-2 
toxin. 
2.2.2 Cell line assay -
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Materials 
Cell line, baby hamster kidney cells, BHK 21/Cl3 (American 
Type Culture Collection No. CCL 10), growth media supplements (Flow 
Laboratories Ltd) 
Rat liver cells (MRC, Carshalton) 
Growth media, tissue culture flasks and tubes (Gibco Europe Ltd) 
Foetal bovine serum (Sigma Chemical Co Ltd) 
Glass coverslips, 9 x 35 mm (Arnold R Harwell) 
Staining racks and tubes (Arnold R Horwell) 
Haematoxylin and eosin stains (BDH) 
Mycotoxin Standards (Sigma Chemical Co Ltd) 
Method 
The BHK cells and rat liver cells were maintained in the 
following medium: 
1-litre pack of Glasgow modification of Eagle's Medium (GMEM) 
containing 2mM glutamine plus 20mM HEPES buffer. 
Additions to medium: 
10% Foetal bovine serum (kept at -20°C) 
0 10% Tryptose phosphate broth (Flow) (kept at 15-20 C) 
10% Antibiotic solution containing penicillin (100 units/ml medium) 
and streptomycin (100 p.g/ml medium) (kept at 4°C). 
Preparation of Medium: The litre pack of GMEM was reconstituted in 
700 ml deionised water and -20 ml of 1M HEPES buffer added. This was 
filter-sterilised with 0.2 pm membrane filters and distributed in 
sterile bottles in 35-ml amounts. 
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0 This medium was kept at 4 C. 
Immediately before use, 5 ml of foetal bovine serum, 5 ml of 
tryptose phosphate broth and 5 ml antibiotic solution were added to 
give a total of 50 ml per bottle. 
The cells were maintained in NUNC plastic disposable flasks 
containing 50 m1 of media. Confluent monolayers were obtained after 
incubation for 5 days at 37°C. The cells were then trypsinised 
with 0.25% m/v trypsin and reinoculated into fresh media at a level 
of approximately 105 cells/ml. 
Dimethyl sulphoxide (DMSO), at a concentration of 1% in the test 
system, was non-toxic to cell lines and was used as a solvent for 
toxin standards. The method used for the bioassay tests is 
described below. 
The confluent monolayer of cells was trypsinised and the cell 
suspension diluted in growth medium to give approximately 2.0 x 
105 cells/ml, of which 1 ml was inoculated into each tissue 
culture tube containing a sterile coverslip. A confluent monolayer 
is such that the cells have grown to form a complete layer on the 
surface, i.e. there are no gaps between the cells. The tubes were 
incubated at 37°C for 1 day to allow ｳ･ｾｾＭ｣ｯｮｦｬｵ･ｮｴ＠ growth of the 
cells, that is, with gaps between the cells allowing for further 
growth. The growth medium was discarded and replaced with 20 pl 
toxin solution and 1 m1 fresh growth medium. The cells were 
reincuhated at 37°C for 48 h. Duplicate tubes were inoculated for 
each control and test solution. The inoculated cells grew on the 
coverslips; on completion of the test the cells were fixed in 
ｭ･ｴｨ｡ｮｾｬ＠ before removal of .the coverslips. The cells were then 
stained with haematoxylin and eosin. The stained coverslips were 
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observed microscopically. The entire coverslip was observed and 
rated as follows. 
+++ Monolayer completely disrupted 
+++/++ Monolayer disrupted. Cells mostly rounded 
++ Monolayer disrupted. Inhibition of mitosis. 25% 
normal cells. Other cells various appearances, 
e.g. rounded, vacuolated, giant cells 
++I+ 25-50% normal cells 
+ 50-75% normal cells 
+/- 75% normal cells. Only slight effect 
Monolayer confluent. All cells normal. 
2.2.3 Bacterial Assays 
Materials 
Bacillus megaterium NRRL B-1368 (National Collection of 
Industrial Bacteria) 
Bacillus stearothermophilus - spore strips (Oxoid) 
Growth media (Oxoid) 
Paper discs, 9 mm diameter (Scheicher & Schuell Inc) 
Mycotoxin standards (Sigma Chemical Co Ltd) 
Method 
Bacillus megaterium assay 
The method used was based on that of Stott & Bullerman 
(1975). Stock cultures of B. · megaterium NRRL B-1368 were prepared 
- 0 
on nutrient agar slopes, incubated for 24 h at 37 C, then 
refrigerated. A stock culture was used to inoculate 10 m1 of TYG 
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broth (0.5% tryptone, 0.25% yeast extract and 0.1% glucose in 
distilled water) and incubated at 37°C overnight. About 2% 
inoculum was used to seed TYG agar, previously melted and kept at 
50°C. The seeded agar was poured into petri dishes and allowed to 
solidify. 
Paper discs (9 mm) were inoculated with toxin standards (20 pl) in 
chloroform. Four discs were used for each toxin concentration, plus 
four replicate discs inoculated with solvent only. After the 
solvent had evaporated, the discs were inverted and four placed on 
each seeded agar plate. The plates were pre-incubated, inverted, 
for 45 min at 4°C prior to incubation overnight at 37°C. The 
diameters of clear zones around the paper discs, corresponding to 
inhibition of growth, were measured at the end of the incubation 
time. These results were expressed as 'corrected inhibition zones', 
i.e. the diameter of the zone of inhibition, minus the diameter of 
the paper disc. 
Bacillus stearothermophilus assay 
The method used was that of Reiss (1975 b). The spore 
strips of B. stearothermophilus contained about 100,000 viable 
spores. The nutrient solution consisted of 10 g casein-peptone, 5 g 
glucose and 0.04 g bromocresol purple per litre of distilled water. 
The solution was prepared by dissolving a tablet (Oxoid, CM 74.) in 5 
ml distilled water. The solution was poured into a Universal bottle 
and sterilised by autoclaving. 
Using sterile forceps, spore strips were placed into duplicate tubes 
containing mycotoxin standards (prepared in aqueous DMSO) or solvent 
65 
0 
controls. The strips were kept for 15 min at 22 C in the dark 
before removing and transferring, without prior drying, into tubes 
0 
containing nutrient solution. They were then incubated at 55 C, 
in the dark, for up to 48 h. The colour of the medium remains 
purple if spores are killed by the test solution. If spores are not 
killed, the medium changes from purple to yellow, within the 
incubation time. 
2.2.4 Protozoal Assay 
Materials 
Tetrahymena pyriformis (Freshwater Biological Association) 
Eel Nephelometer Head (53) + Galvanometer (DS 29) (Diffusion 
Systems Ltd) 
Proteose Peptone (Oxoid) 
Yeast extract (Oxoid) 
Mycotoxin standards (Sigma Chemical Co Ltd) 
Method 
Stock cultures of Tetrahymena pyriformis were maintained in 
2% m/V proteose peptone + 0.25% m/v yeast extract. Toxins were 
evaporated to dryness and reconstituted in DMSO for testing. A 
solution of 1% aqueous DMSO has no effect on the protozoa. The 
protozoa in 10· ml of medium contained in a test tube were incubated 
overnight at ·25°C. Growth was measured using a nephelometer. 
After overnight incubation, a reading of approximately 2 arbitrary 
units was obtained on the nephelometer. Duplicate tubes of protozoa 
were then inoculated with 100 pl of ｴｾｸｩｮ＠ and further incubated for 
0 
up to 5 days at 25 C. At the end of the incubation period 
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readings were made using the nephelometer. A toxic response was 
indicated by appreciably lower readings than those obtained from the 
control. A reading of more than 2 units indicated that some growth 
had occurred. 
2.2.5 Pea Seedling Assay 
Materials 
Little Marvel Peas (with fungicidal coating) (W W Johnson & 
Son Ltd) 
Mycotoxin standards (Sigma Chemical Co Ltd) 
Method 
The method was based on that of Burmeister and Hesseltine 
(1970). The toxin solutions, in chloroform, were inoculated (100 
pl) into glass beakers. The- solvent was evaporated and 25 m1 
deionised water were added to the beakers. Fifteen pea seeds were 
added to each extract and allowed to soak in the solutions 
overnight. The seeds were transferred to trays containing dampened 
disposable cloths and left at room temperature for up to 10 days, 
during which time the seeds were kept moist. The number of 
germinating seeds, together with any unusual development of shoots 
or roots, gives an indication of toxicity. 
2.3 Results 
2.3.1 Sensitivity of the brine shrimp assay to mycotoxins 
The sensitivity of brine shrimps to various mycotoxins is 
affected by incubation time and temperature. The effect of 
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incubation time and temperature on the toxicity of aflatoxin B1 to 
brine shrimps is shown in Table 2.1 and Fig. 2.1. Although numbers 
of live, weak or dead shrimps were recorded, weak shrimps were 
regarded as dead for testing purposes. After 16 h incubation it was 
difficult to distinguish between live and weak brine shrimps. 
However, after 24 h incubation the distinction was clearer and a 
more representative count was obtained. In general, at higher toxin 
concentrations, shrimps estimated as weak after 16 h were dead after 
24 h. However, after 24 h incubation, especially at 30°C, some of 
the dead shrimps had disintegrated and could not be seen. 
Therefore, some of the dead shrimps counted after 16 h were not 
visible after 24 h. This appeared to be significant only at 
concentrations of toxin which caused less than 20% mortality of 
shrimps (i.e. 0.125 pg/ml aflatoxin B1 ). 
Previous reports (e.g. Eppley, 1974) suggested that newl"y hatched 
shrimps gave more consistent results when examined after 24 h and 
newly hatched shrimps were used for all experiments. 
Lower control mortalities were recorded after 20 h and this 
incubation period is recommended for incubating the brine shrimps 
with toxin before counting them. At an incubation temperature of 
30°C brine shrimps were markedly more sensitive to aflatoxin B1 
than at room temperature. This is represented graphically in Fig. 
2.1. An LD5'0 of approximately 0.2 }lg/ml was obtained ·for 
aflatoxin B1 • 
The sensitivity of the brine shrimp to other mycotoxins, using the 
incubation conditions as optimised for aflatoxin B1 , - is shown in 
Table 2.2. The toxicity of sterigmatocystin was almost identical to 
68 
that of aflatoxin B1 ; 0.25 ｾｧＯｭｬ＠ of sterigmatocystin caused 61% 
kill of shrimps. (The same concentration of aflatoxin B1 caused 
60% kill of shrimps). The LD50 for patulin was not reached at the 
toxin concentrations used, i.e. at the highest concentration tested 
(20 pg/ml) only 37% mortality of shrimps occurred. 
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Table 2.1 
Effect of incubation temperature and time on toxicity of 
aflatoxin · B1 to brine shrimps 
Concentration of 
aflatoxin B1 
(pg/ml in the 
test medium) 
2 
2 
1 
1 
0.5 
0.5 
0.25 
0.25 
0.125 
0.125 
0.0625 
0.0625 
Control 
Control 
Temperature 
ambient 
30 
ambient 
30 
ambient 
30 
ambient 
30 
ambient 
30 
ambient 
30 
ambient 
30 
70 
Mean % kill after: 
16 h 20 h 24 h 
75 88 93 
95 100 100 
48 87 89 
99 98 98 
13 59 57 
90 96 98 
2 7 6 
48 60 65 
2 5 10 
15 19 21 
1 6 13 
20 20 11 
3 3 7 
3 4 10 
Table 2.2 
Sensitivity of the brine shrimp to various mycotoxins 
Toxin and concentration 
0ug/ml) in test medium 
Citrinin 10 
Diacetoxyscirpenol 1 
0.5 
0.25 
0.125 
Deoxynivalenol 20 
Mycophenolic Acid 10 
Ochratoxin A 10 
5 
1 
Patulin 20 
10 
5 
Penicillic Acid 40 
PR toxin 50 
10 
Roque fortine 50 
Sterigmatocystin 1 
0.5 
0.25 
0.125 
T-2 toxin 0.2 
0.1 
0.05 
Control 
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Mean % kill 
of shrimps 
2 
100 
99 
83 
50 
2 
3 
100 
12 
3 
37 
12 
2 
3 
25 
2 
2 
96 
95 
61 
14 
100 
87 
55 
3 
No toxic effect was caused by citrinin, deoxynivalenol, mycophenolic 
acid, penicillic acid ·or roquefortine at the concentrations tested. 
An interesting point was the lack of toxicity of deoxynivalenol (one 
of the trichothecene group of mycotoxins). As no kill of shrimps 
occurred with a toxin concentration of 20 pg/ml, the LD50 for 
shrimps must be about four hundred times higher than that for T-2 
toxin (Ln50 0.045 pg/ml). The lower toxicity of deoxynivalenol to 
brine shrimps (c.f. T-2 toxin) agrees with the toxicity data of 
vomiting doses to ducklings - T-2 toxin, 0.1 mg/kg, deoxynivalenol, 
10 mg/kg (Ueno & Ueno 1978). 
2.3.2 Sensitivity of cell lines to mycotoxins 
The sensitivity of BHK cells and rat liver cells to various 
mycotoxins is shown in Table 2.3. The animal cells were more 
sensitive than the brine shrimps to most mycotoxins. For example, 5 
pg/ml of PR toxin caused complete death of BHK and rat liver cells, 
whereas 10 pg/ml of this toxin had no effect on brine shrimps. In 
general, both the brine shrimp and cell lines reacted to the same 
mycotoxins, i.e. ochratoxin A, patulin, PR toxin and T-2 toxin. The 
results obtained for the sensitivity to these toxins is in general 
agreement with those found by other workers (Engelbrecht & Purchase, 
1969; Eppley, 1974; Kawasaki et al., 1972; Aujard et al., 1979; 
Abbas et al., 1984). 
Neither the BHK cells nor the rat liver cells were greatly affected 
by a concentration of 20 pg/ml of either aflatoxin B1 or 
sterigmatocystin. Sensitivities of cells to less than one microgram 
of these toxins has been ｲ･ｰｯｲｾ･､＠ (Nair et al., ＱＹｾＰＩ＠ but these 
involved the use of primary cells. Such cells are removed directly 
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from the animal and would thus retain enzymes with the capacity for 
metabolism. The BHK cells and rat liver cells are established cell 
appear to 
lines which do notApossess the necessary enzymes for metabolism of 
toxic compounds. Aflatoxin B1 needs to be metabolised into an 
active form in order to exert toxic effects (Schoenhard et al., 
1975; Metcalfe and Neal; 1983 b) - which explains the lack of 
sensitivity of established cell lines to this toxin. These factors, 
together with the effects of liver microsomes (as an activating 
system), on the toxicity of aflatoxin B1 and sterigmatocystin to 
cell lines are discussed in greater detail in Chapter 4. 
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Table 2.3 
Sensitivity of BHK ,cells and rat liver cells to various mycotoxins 
Toxin and concentration Effect on 
(pg/ml) in the test medium BHK cells Rat liver cells 
Aflatoxin Bl 20 +I- +I-
Citrinin 50 ++ +++/++ 
10 +I- + 
Deoxynivalenol 0.5 ++ +I-
0.2 ++/+ 
Mycophenolic acid 50 + +++ 
10 +I- ++ 
Ochratoxin A 50 +++ ++-
5 ++ +/-
Patulin 10 +++ +++ 
1 ++/+ + 
Penicillic Acid 50 + +++ 
10 +/- ++I+ 
PR toxin 5 +++ ++ : 
1 + +I-
Roquefortine 5 +I- ++ 
1 +/- + 
Sterigmatocystin 20 + 
T-2 toxin 0.1 ++/+ +1-
0.025 + + 
Solvent Control +I- +I-
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2.3.3 Sensitivity of bacterial assays to mycotoxins 
Bacillus megaterium 
Citrinin (50 pg), mycophenolic acid (50 pg), ochratoxin A 
(50 pg), patulin (50 pg), penicillic acid (50 pg), roquefortine (50 
pg), sterigmatocystin (10 pg), and T-2 toxin (10 pg) had no effect 
on the growth of B. megaterium. Fifty micrograms of PR toxin were 
sufficient to cause a 3 mm diameter zone of inhibition of growth. 
Aflatoxin B1 (8 pg and 4 pg) caused inhibition zones of 4 mm and 2 
mm respectively. 
The insensitivity of this micro-organism to mycotoxins contrasts 
with the findings of other reported work. Clements (1986 a, b) 
using the same strain of B. megaterium (NRRL-B-1368) found it to be 
sensitive to 1 pg of aflatoxin B1 • No inhibition of growth was 
caused by this amount of toxin in this study. Other species of 
Bacillus)e.g. B. subtilis and B. ·cereus, were found by Reiss ＨＱＹＷＵｾ＠
and Broce et al. (1970) to be sensitive to ｬｾｧ＠ of patulin and lpg 
ochratoxin A, respectively. 
Bacillus stearothermophilus 
Inhibition of growth was caused by 50 pg/ml PR toxin and 500 
pg/ml roquefortine. Aflatoxin B1 , citrinin, mycophenolic acid, 
ochratoxin A, patulin, penicillic acid, sterigmatocystin and T-2 
toxin had no effect on growth of this organism at the concentrations 
tested in the B. megaterium assay. The spore strips of ｾ＠
s·tearothermophilus were much less sensitive to mycotoxins than was 
reported by Reiss (1975 b); according to him, inhibition of growth 
was caused by approximately 10 ng/ml of either patulin or aflatoxin 
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B1 • Tests on mycotoxin standards were repeated on several 
occasions but did not . yield positive results similar to those of 
Reiss (1975 b). 
2.3.4 Sensitivity of a protozoal assay to mycotoxins 
The sensitivity of Tetrahymena pyriformis to various 
mycotoxins is shown in Table 2.4. The compounds tested were all 
toxic except for aflatoxin B1 , ochratoxin A and sterigmatocystin. 
In contrast, toxicity caused by aflatoxin B1 to T. pyriformis has 
been reported by Hayes et al. (1974), but at much higher 
concentrations than those used in this study. In fact, a 
concentration of 100 pg/ml aflatoxin B1 caused only 15% inhibition 
of growth of T. pyriformis. A similar concentration of ochratoxin A 
showed little toxic effect. 
The protozoa were much more sensitive to citrinin than were the 
other bioassays used; a minimum level of 1-5 pg/ml citrinin could be 
detected. This is in keeping with studies by Hayes et al. (1976). 
Most of the mycotoxins appeared to be causing an increased lag time 
for growth of the protozoa compared with that of the controls. The 
effect of citrinin, T-2 toxin and PR toxin on growth of T. 
0 pyriformis over 5 days' incubation at 25 C is shown in Fig. 2.2. 
Although low concentrations of PR toxin and citrinin affected growth 
in the first two days of incubation, the protozoa recovered and 
showed only slightly less growth than the controls after 5 da¥s' 
incubation. T-2 toxin at a concentration of 10 ｾｧＯｭｬ＠ caused 
complete death (as shown by a viable count), whereas a concentration 
of 1 pg/ml allowed approximately half the growth compared with that 
of the controls. 
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Fig. 2.2 
EFFECT OF SOME MYCOTOXINS ON GROWTH OF TETRAHYMENA PYRIFORMIS 
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Table 2.4 
Sensitivity of Tetrahymena pyriformis to various mycotoxins 
Toxin 
Aflatoxin Bl 
Citrinin 
Mycophenolic acid 
Ochratoxin A 
Patulin 
Penicillic acid 
PR toxin 
Roquefortine 
Sterigmatocystin 
T-2 toxin 
Solvent control 
Effect on growth of protozoa at 
concentration (pg/ml) 
in test medium 
10 5 1 
-H+ 1+ +/-
-H+ +H- ++ 
+H- ++t- + 
++ +1-
+++ +++ +/-
+++ ++ 
+++ 1+ ++ 
Nephelometer reading Appearance 
+++ 
++ 
+ 
+/-
0-5 
6-10 
11-15 
16-20 
20 
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Little to no growth 
Poor growth 
Moderate growth 
Moderate/good growth 
Very good ·growth 
2.3.5 Sensitivity of a pea seedling assay to mycotoxins 
The sensitivity of pea seeds to various mycotoxins is shown 
in Table 2.5. A slight effect of toxins was shown by 75% or less 
germination rate of the pea seeds. The control pea seeds generally 
did not show 100% germination, but at least 80-90% of the seeds 
germinated consistently. The only compound to show strong 
phytotoxic effects was T-2 toxin; this effect has also been found by 
other workers (Burmeister & Hesseltine, 1970). A concentration of 
0.2 ｾｧＯｭｬ＠ of this toxin stopped germination of all pea seeds. There 
was a dose related response to T-2 toxin, with 0.04 pg/ml allowing 
10% germination and 0.01 pg/ml allowing 75% germination. No obvious 
effect was caused by lower concentrations of this toxin (0.001-0.005 
pg/ml). 
A slight effect was caused by citrinin, patulin and roquefortine, 
although at much higher concentrations, i.e. 1-4 pg/ml. The lack of 
sensitivity towards aflatoxin B
1 
standard was of interest. 
Although aflatoxin M1 was not tested in this study, other workers 
(e.g. Mayer et al., 1969) have shown sensitivity of maize seedlings 
to less than 1 pg of this toxin. 
It was found that the pea seeds tended to become mouldy if left to 
grow for more than 7 days. To overcome this problem, seeds coated 
with an antifungal agent (Evershield) were used. These seeds were 
commercially available, and tests with coated and uncoated pea seeds 
showed that the coating did not alter the sensitivity of the seeds 
to mycotoxins. 
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Table 2.5 
ｓ･ｮｳｩｴｩｶｩｴｹ Ｎ ｾｯｦ＠ pea seeds to various mycotoxins 
Toxin and concentration 
(pg/ml) in test medium 
Aflatoxin Bl 2 
Citrinin 2 
My co phenolic acid 2 
Ochratoxin A 2 
Patulin 1 
Penicillic acid 2 
PR toxin 2 
Roquefortine 4 
Sterigmatocystin 2 
T-2 toxin 0.2 
0.04 
0.01 
Solvent control 
% Pea seed 
germination 
83 
75 
83 
100 
75 
83 
92 
75 
83 
0 
10 
75 
92 
80 
Appearance of 
germinated seedlings 
75% normal, others stunted 
50% normal, others stunted 
66% normal, others stunted 
83% normal, others stunted 
50% normal, others very 
stunted 
75% normal, others stunted 
75% normal, others stunted 
50% normal, others stunted 
75% normal, others stunted 
All stunted 
50% normal, others stunted 
75% normal, others stunted 
2.4 Discussion 
A summary of the sensitivity of the different bioassays is 
shown in Table 2.6. The sensitivities of the brine shrimp to 
mycotoxins were generally in keeping with those reported elsewhere. 
However, as regards the sensitivity of the brine shrimp to aflatoxin 
B1 , the Ln50 values reported vary greatly. Not only do those in 
this study vary from those of some other workers but the latter also 
vary amongst themselves. The Ln50 value for aflatoxin B1 
reported here is approximately 0.2 pg/ml. This is comparable to 
tltat determined by Brown (1969) who found that 0.5 pg/ml produced 
61% mortality of brine shrimps, and Harwig and Scott (1971) who 
determined > 20% mortality of brine shrimps from treatment with 0.2 
pg/ml aflatoxin B1 • Other workers reported that concentrations of 
11.4 pg/ml (Mutti et al., 1987) and 37 pg/ml (Tanaka et al., 1975) 
were needed to produce an 1n50 value for the brine shrimp. 
Aflatoxin B1 was used as a model for establishing the optimum 
incubation test conditions in this ·work and thus numerous 
experiments were carried out on this toxin. There is therefore no 
doubt that the Ln50 value reported here for aflatoxin B1 is 
correct for the conditions used. It was found that 30°C 
incubation produced the maximum sensitivity to the test - reducing 
the temperature to ambient Ｈｾ＠ 20°C) had a profound effect on 
reducing the sensitivity - especially at lower toxin 
concentrations. No significant reduction in sensitivity to 
aflatoxin B1 was found by Mutti et al., (1987) after lowering the 
incubation temperature. 
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An interesting point is the comparison of toxicity of 
sterigmatocystin and aflatoxin B to the bioassays. These toxins 
1 
are structurally very similar and if exerting their toxic effects by 
similar mechanisms, they might be expected to be comparable in 
toxicity. This was found to be the case in this work. The Ln50 
value for the brine shrimps was almost identical to that of 
aflatoxin B1 (0.125-0.25 pg/ml). As it happens, the figure for 
sterigmatocystin is much more in keeping with other reported work -
an Ln50 value of 0.26 pg/ml was given by Mutti et al., (1987) and 
0.7 pg/ml by Tanaka et al., 1975). Also a significant difference in 
toxicity was found for this toxin by the first ｷｯｲｫ･ｾｦｲｯｭ＠ a change 
in incubation temperature (not found for aflatoxin B
1
). 
The brine shrimp assay was extremely sensitive to T-2 toxin (Ln50 
0.045 Mg/ml); a similar result was found by Eppley (1974). The 
trichothecene group A mycotoxins, which includes T-2 toxin,are very 
acutely toxic and sensitivity to this toxin was found in mos_t of the 
bioassays. 
The variation in reported results for aflatoxin B could be a 
1 
reflection of various incubation conditions. It is very important 
for this assay to use newly hatched shrimps for consistent results 
(Eppley 1974) and also to standardise incubation time and 
temperature. Too low a temperature and a short incubation time will 
result in a lack of sensitivity - whereas a high temperature and 
long incubation time will result in a high control death and the 
presence of decaying shrimps which are difficult to count. In 
0 
conclusion, incubation conditions of 30 C for 18 h are recommended 
for the brine shrimp assay. Although not sensitive to all of the 
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mycotoxins tested (little sensitivity to citrinin, deoxynivalenol, 
mycophenolic acid, penicillic acid or roquefortine was noted), the 
assay is very sensitive to some of the trichothecene toxins e.g. 
diacetoxyscirpenol and T-2 toxin, and quite sensitive to aflatoxin 
B1 and sterigmatocystin. It has the advantage of being a simple 
test to perform. 
The cell lines proved to be a sensitive assay for mycotoxins -
reacting to most of the toxins tested. The exceptions were 
sterigmatocystin and aflatoxin B1 , which as mentioned earlier 
require metabolic activation to produce toxic effects. The minimum 
inhibitory dose (MID) of ochratoxin A for BHK cells \vas found to 
be < 5 ｾｧＯｭｬ＠ in the test system. This is comparable to findings by 
Engelbrecht and Purchase (1969) using green monkey kidney epithelial 
cells for the assay of ochratoxin A. He La cells are less sensitive 
to ochratoxin A, the MID being > 10 ｾｧＯｭｬ＠ (Natori et al., 1970). 
The rat liver cells were also less sensitive to this toxin giving 
similar results to the latter worker. Both the BHK cells and rat 
a 
liver cells were extremely sensitive ｴｯｾｧｲｯｵｰ＠ A trichothecene 
(classified by Ueno, 1977) being able to detect a few nanograms of T-2 
a 
toxin in the test system. Sensitivity tokgroup B trichothecene , 
e.g. deoxynivalenol, was considerably better for the BHK cells 
(MID < 0.2 ｾｧＯｭｬＩ＠ than for the brine shrimp (no effect from 20 
pg/ml). Another group B trichothecene, nivalenol, can be assayed by 
.......... 
He La cells (Ohtsubo et al., 1968) down to a concentration of 
....._, --
approximately 0.5 pg/ml. The BHK cells were able to detect 
0.125-0.25 pg/ml of deoxynivalenol, shown in a duckling test system 
(Ueno & Ueno, 1978) to be ten times less toxic than nivalenol. 
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Although both the BHK cells and rat liver cells were established 
cell lines, some ､ｩｦｦｾｲ･ｮ｣･ｳ＠ in sensitivity to mycotoxins was 
apparent. For example, the ｾｈｋ＠ cells were more sensitive to 
deoxynivalenol and ochratoxin A, whilst the rat liver cells were 
more sensitive to mycophenolic acid and penicillic acid. The 
differences may be partly due to mode of action of the toxins and 
growth patterns of the cells. The BHK cells have a faster growth 
rate than the rat liver cells and would therefore have an increased 
number of population doublings in the same timescale. More protein 
synthesis would occur and thus the BHK cells might be expected to be 
more susceptible to inhibitors of protein synthesis. 
The aim of this study was to produce a range of simple, reproducible 
bioassays for detecting mycotoxins. The cell culture work therefore 
used only cell death and morphology as a toxic end-point. However, 
if broad correlations between morphological alterations in cultured 
cells and biochemical modes of action could be established, it 
should be possible to predict the kinds of mycotoxins present in 
particular toxic fungi. Based on cytomorphological investigations 
with cultured cells, some mycotoxins have been isolated and 
characterised. For example, rubratoxin B, which induced 
polynucleation and accumulation of mitotic cells was isolated from a 
culture filtrate of Penicillium purpurogenum (Umeda et al., 1970). 
Many workers have combined cytomorphological observations with 
effects of . the toxin on DNA, RNA and protein synthesis. Analysis of 
the cell cycle can show effects of the toxin of DNA synthesis and 
entry of the G2 cells into mitosis (Ohtsubo et al., 1968, ｈ｡ｲｬ･ｹＬｾ＠ ｡ｴｾ＠
1969, Umeda et al., 1970, Kawasaki et al., 1972, San & Stich, 1975, 
Umeda, 1977). 
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Many of the morphological changes seen in cell cultures exposed to 
mycotoxins may be the ｾｨ｡ｮｧ･ｳ＠ normally seen in dying cells. 
Pycnosis, karyorrhexis and cytoplasmic vacuolation are seen in 
normal cultures, and an increase in their incidence reflects a 
cytotoxic effect of the mycotoxin - resulting in cell death and a 
decrease in the number of cells in the culture. Other morphological 
changes observed are absent in normal cultures and may reflect an 
alteration in cellular metabolism caused by the mycotoxin. An 
in-depth study of the effects of aflatoxin and ochratoxin A on 
African green monkey kidney cells by Engelbrecht and Purchase (1969) 
showed similar changes in the cell culture to those seen in liver 
cells of rats and monkeys after toxin administration. These workers 
were able to predict the different modes of action of aflatoxin and 
ochratoxin A. Aflatoxin caused complete inhibition of mitosis and a 
simultaneous increase in the number of enlarged giant cells - thus 
the cell is surviving in a non-dividing state. Ochratoxin A 
produced effects on mitotic cells which could result from an 
increase in RNA catabolism. 
The cell line assays offer advantages over the brine shrimp assay, 
not only in increased sensitivity, but also in the amount of 
information provided by the test. The brine shrimp assay gives only 
a "dead or alive" result, whereas the cell lines offer not only cell 
death, but changes in cell morphology and effect on RNA, DNA and 
protein synthesis. Such information can give insight into the mode -
of action of the toxin. Although requiring more care and expertise 
than the brine shrimp assay, cell lines are a necessary inclusion to 
any bioassay screen. 
85 
The sensitivity of the bacterial assays to mycotoxins differed from 
that observed by other. workers. Although the same strain ｯｦｾ＠
megaterium was used, the minimum concentration of aflatoxin B1 
which could be detected was four times that found by Clements (1968 
a & b) and Jayaraman et al., (1968). Burmeister and Hesseltine 
(1966) reported a range of sensitivities to aflatoxin B1 by 
different strains of B. megaterium. 
The strain of B. megaterium used in this study gave a positive 
response only to aflatoxin B1 and PR toxin (at high 
concentrations) of the mycotoxins tested. It has been reported to 
show sensitivity also to patulin and ochratoxin A at levels of 
approximately 1 1ug of the toxin) (Watson & Lindsay, 1982). No 
effect on growth of B. megaterium was found from 50 pg of each of 
these toxins. The insensitivity to these mycotoxins may be due to 
insufficient diffusion of the toxin from the disc into the test 
medium, or possibly a lack of transport of the toxin into the cell. 
As much of the reported work dates back nearly twenty years, it 
could be that there have also been changes in the strain of B. 
megaterium with time. 
The results of the Bacillus stearothermophilus assay were 
particularly disappointing. The use of spore strips in this method 
was extremely simple, but tended to be unreliable. It was found 
that some control spore strips failed to germinate and thus did not 
grow when incubated. This necessitated a considerable number of 
replicates in order to obtain a valid result. The sensitivity to 
mycotoxins was not comparable to that reported by Reiss (1975 b) -
this was probably affected by the inconsistency of the spore 
86 
strips. Tests on mycotoxin standards were repeated on several 
occasions but did not . yield positive results similar to the above 
worker. 
Although the bacterial assays were simple to perform, it appears 
that several species or different strains would be necessary to 
detect a range of mycotoxins. 
The protozoal assay, using Tetrahymena pyriformis showed great 
potential as an alternative simple microbial assay. The mycotoxins 
tested were all toxic at a concentration of 5 pg/ml, with the 
exception of aflatoxin B1 , ochratoxin A and sterigmatocystin. No 
effect was caused by a concentration of 10 pg/ml of these toxins. 
The test was reproducible and the results found were in keeping with 
those by other workers e.g. Hayes et al., (1974) & (1976). The 
protozoal assay was very sensitive to citrinin and roquefortine -
not readily detected at low concentrations in the other bioassays. 
Whereas high concentrations of the toxins caused complete death of 
the protozoa, lower concentrations caused a lag in growth -
detectable at 2 days incubation 'time. In some cases, e.g. T-2 
toxin, the protozoa did not completely recover, and at the end of 
the test showed significantly less growth than the controls. In the 
case of PR toxin and citrinin, however, the protozoa showed only 
slightly less growth than the controls at the end of the test. It 
is possible that they possessed some mechanism for detoxifying or 
excreting low levels of the toxin, thus allowing recovery after a 
short time lag. 
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An interesting point was the lack of sensitivity to aflatoxin B1 , 
ochratoxin A and sterigmatocystin. The toxins aflatoxin B1 and 
sterigmatocystin are known to require metabolic activation in order 
to produce toxic effects (Schoenhard et al., 1975) and this fact was 
demonstrated in the cell line assays. However, ochratoxin A does 
not require activation, in fact metabolism is more likely to involve 
detoxification. Work by Kiessling et al., (1984) showed that rumen 
protozoa caused nearly 100% removal of ochratoxin A, converting it 
into the non-toxic ochratoxina. It was demonstrated by Hayes et 
al., (1974) that a concentration of 100 pg/ml of ochratoxin A had 
little effect on the growth of T. pyriformis. 
The results therefore suggest that these protozoa possess 
metabolising enzymes for the detoxification of ochratoxin A, thus 
reducing the toxicity of this mycotoxin. Conversely, they either do 
not appear to possess enzymes for the activation of aflatoxin B1 
and sterigmatocystin or they have an abundance of detoxifying 
enzymes. This point could have been clarified by noting the effects 
of adding metabolizing enzymes to the test system, however, in the 
limited time scale it was not possible to perform these experiments. 
In keeping with results by other workers (e.g. Burmeister & 
Hesseltine, 1970, Cole et al., 1973, Joffe & Palti, 1974 and 
Siriwardana & Lafont, 1978), strong phytotoxic effects were produced 
by T-2 toxin in the pea seedling assay. The main effect shown was a 
decrease in germination rate, and a large proportion of the 
germinating seeds showed stunted growth. The pea seedling assay was 
very simple to perform and had the potential for providing 
information about toxic effects produced from the mycotoxins. As 
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well as germination rate, effects on the shoot and root development 
were noted. 
In the study, no effect was found from treating the pea seeds with 2 
ｾｧＯｭｬ＠ aflatoxin B1 • A review of the literature indicates that 
quite high concentrations of aflatoxin are required to alter the 
germination rate of most seeds. A study by Schoental & White (1965) 
indicated that 10 pg/ml aflatoxin B1 had no effect on the 
germination of Lepidium sativum L.seeds, but a concentration of 50 
ｾｧＯｭｬ＠ aflatoxin B
1 
reduced the germination rate to 10%. The 
effect of a combination of aflatoxin B , B , G and G
1 
on 1 2 1 
the germination of Phalaris canariensis was examined by Jacquet et 
al., (1971). They found that 25 ｾｧＯｭｬ＠ mixed aflatoxins caused total 
inhibition of germination of this species. However, 100 pg/ml 
aflatoxin B
1 
did not affect the germination of 19 plants belonging 
to 11 Crucifereae species (Crisan, 1973 a). The genus of plant used 
is obviously important in determining the sensitivity to aflatoxins. 
This was also demonstrated in work on the effect of aflatoxin B
1 
on chlorophyll synthesis in plants. Complete inhibition of 
chlorophyll was caused by treating cress seedlings with 10 pg/ml 
aflatoxin B1 (Schoental & White, 1965). This was also 
demonstrated in Cucumis sativus L. by Singh & Sharma, (1973). In 
contrast, no chlorosis was caused in lettuce seedlings exposed to 
aflatoxin ＨｃｲｩｳｾｮＬ＠ 1973 b). 
The intention of this work was to keep the bioassays simple, whilst 
still maintaining a sensitivity to a range of different mycotoxins. 
rt ·would appear that the sensitivity of the seedling assay could be 
increased by using a range of plant species or by examining 
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different end-points for the test. For example, Truelove et al., 
(1970) found that a cqncentration of 10 ｾｧＯｭｬ＠ aflatoxin B1 reduced 
amino acid uptake in cucumber cotyledons and Tripathi & Misra (1981) 
found that low levels of aflatoxin B1 inhibited protein synthesis 
in germinating maize seeds. 
The bioassays, as described, were put into practice to assess the 
potential presence of toxigenic moulds in foods. 
90 
Table 2.6 
Sensitivity of bioassays to mycotoxins 
Bioassay Mycotoxins detected 
Brine shrimp Aflatoxin B1 
(Artemia salina) Diacetoxyscirpenol 
Ochratoxin A 
Patulin 
PR toxin 
Sterigmatocystin 
T-2 toxin 
BHK/Rat liver cells Citrinin 
Deoxynivalenol 
Mycophenolic acid 
Ochratoxin A 
Patulin 
Penicillic acid 
PR toxin 
Roquefortine 
T-2 toxin 
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Lower limit of 
detection 0Jg/ml) 
0.2 
0.125 
5-10 
10-20 
50 
0.2 
0.05 
10-50 
+ 0.2-0.5 
10 
5+ 
1 
10# 
1-5 
5++ 
0.05 
Bioassay Mycotoxins detected 
Bacillus megaterium Aflatoxin B1 
PR toxin 
Bacillus 
stearothermophilus 
Tetrahymena 
pyriformis 
Pea seedling assay 
PR toxin 
Roquefortine 
Citrinin 
Mycophenolic 
Patulin 
acid 
Penic.illic ac.id 
PR toxin 
Roque fortine 
T-2 toxin 
Citrinin 
Patulin 
Roquefortine 
T-2 toxin 
+ Sensitivity of toxin to BHK cells only 
Lower limit of 
detection (pg/ml) 
4 
50 
50 
500 
1-5 
1 
1-5 
5 
1-5 
5 
1 
2 
1 
4 
0.01 
++- Sensitivity of toxin to rat liver cells only 
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CHAPTER 3 
3.0 Assessment of toxigenic moulds in foods using a biological 
screening method 
3.1 Introduction 
The contamination of food with moulds can lead to the 
formation of highly poisonous mycotoxins and there is a need to know 
to what extent this occurs. Although chemical analyses have been 
developed for many mycotoxins, these are limited to those toxins 
which have been fully characterized and for which standard reference 
toxins are freely available. An alternative approach is to use 
biological assays to screen for toxicity and thus indicate whether 
further studies on toxigenic moulds are necessary. 
A battery of biological assays, chosen from a study of the 
literature, was used for the toxicological assessment. These 
bioassays have been described in the previous chapter. Although 
suggested in the literature as being sensitive to many mycotoxins, 
the bacterial assays were much less sensitive to standard toxins 
than ｲ･ｰｯｲｾ＠ by other workers (e.g. Clements, 1968; Broce, et al., 
1970; Stott & Bullerman, 1975; Reiss 1975 a, b). As a simple, rapid 
test, they were initially included in the bioassay screen, but when 
they proved also to be insensitive to the mould metabolites tested, 
they were replaced by the protozoal assay during the later stages of 
mould testing. 
For this study, moulds were isolated from mould-spoiled foods, 
identified, and tested in a ratio corresponding to their percentage 
occurrence. As potentially "unknown" toxins may be present, a 
sequence of different polarity solvents were used for extraction of 
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the mould culture filtrates. These extracts were applied to the 
bioassays. These bioassay systems were first evaluated for toxic 
reaction with an uninoculated medium control, an aflatoxin-producing 
strain of Aspergillus flavus and a non-ochratoxin-producing strain 
of Aspergillus ochraceus. 
After assessment of the moulds, any strongly toxic moulds were 
reinoculated on to various foods and into the culture media and the 
toxicity again assessed. This was important in order to know 
whether fungi designated as toxic by screening would produce toxins 
in the foods from which they were isolated. During this study, 
toxicity was caused by the mould Wallemia, which has not previously 
been recognised as a mycotoxin-producer. Further work was carried 
out on this mould and this is detailed later in this chapter. · 
3.2 Experimental Procedure 
3.2.1 Food samples 
Samples of UK mould-spoiled food of many types were obtained 
from three sources; some were provided by industrial members of the 
Leatherhead Food RA and could be considered to be typical of foods 
spoiled but not necessarily offered for sale to the public; others 
were provided by colleagues and represent foods spoiled during 
domestic storage; the remainder originated from enforcement agencies 
and were the subject of public complaint under the UK Food and Drugs 
Act. 
3.2.2 Isolation of fungi 
Fungi were ·picked from ｴｾ･＠ spoiled foods and- identified as 
described by Jarvis et al., (1985). 
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3.2.3 Extraction and testing of mould metabolites 
The mould isolates were grown in three liquid media, namely 
Czapek solution, 2% yeast extract plus 4% sucrose, and 2% yeast 
250 ml 
extract plus 20% sucrose. Duplicate ｾｬ｡ｳｫｳａ｣ｯｮｴ｡ｩｮｩｮｧ＠ 100 ml media 
a ､ｲｾ＠ spore inoculum of 
were ｩｮｯｾｵｬ｡ｴ･､＠ withAeach isolate and incubated at 25°C in a 
100 rpm 
shaking incubatorlfor 1 week. The extraction of toxic metabolites 
was achieved by a sequential extraction of the mould filtrate (200 
ml) with several (100 ml) portions of three solvents. The solvents 
chosen had varying polarities in order to extract as many different 
metabolites as possible. An extraction with hexane was followed by 
extractions with chloroform and then ethyl acetate. A combination 
of these three solvent extracts was tested on the bioassays, namely 
brine shrimp, BHK cells, pea seeds and bacteria. Later studies 
included testing on protozoa as a substitute for the bacterial 
assays and also included Chang liver cells (CCL13 Flow Labs) and rat 
liver epithelial cells. A flow diagram showing the protocol for 
testing the mould extracts is presented as Fig. 3.1. 
3.2.4 Evaluation of the biological testing using known toxigenic 
and non-toxigenic moulds 
The following positive and negative controls were assessed 
using the extraction and testing procedure outlined in Fig. 3.1. 
(a) Medium blanks (uninoculated) of Czapek, yeast extract + 4% 
sucrose and yeast extract + 20% sucrose. 
IMI 091019B 
(b) An aflatoxin-producing strain of Aspergillus flavus,lcultured 
for 1 week in the above three media. 
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Fig. 3.1 
FLOW DIAGRAM FOR BIOLOGICAL TESTING OF MOULDS 
Mould 
Inoculated into media and incubated at 25°C for 1 week 
Yeast extract 
+ 4% sucrose 
Yeast extract 
+ 20% sucrose 
Czapek 
solution 
Extraction of each medium with hexane, chloroform and ethyl acetate -
keep different media extracts separate 
Bulked solvent extracts 
(for each medium) 
l 
Bulked extracts 
applied to bioassays 
Divide each 
solvent extract into 
2 portions 
ｉｾ＠
No effect, 
end of test 
Positive toxicity, 
return to individual 
solvent extracts 
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Individual extracts of 
hexane, chloroform 
and ethyl acetate 
(for each medium) 
-:11 
/ l 
Individual extracts 
applied to bioassays 
l 
Isolate toxic principle 
to extraction solvent, 
if possible 
(c) A strain of Aspergillus ochraceus, IMI 132429 - non toxigenic culture 
variant LFRA 588, .and a- non-toxigenic strain of Aspergillus ＮｑＡｘｚ｡ｾ＠
IMI 16142 cultured for 1 week-· in the above three media. 
Testing of the aflatoxin-producing strain would provide a positive 
toxigenic mould that the bioassays should react to. Testing of the 
non-ochratoxin-producing strain of Aspergillus ochraceus and 
non-toxigenic strain of Aspergillus oryzae would provide negative 
controls that should not cause a toxic reaction in the bioassays. 
3.2.5 Testing of reinoculated foods »f: 
After assessment of the moulds in culture media, any 
strongly toxic moulds were reinoculated on to foods and incubated to 
produce visible mould growth before the toxicity was again 
determined in the bioassays. The foodstuffs involved were jam, 
meat, cake, bread and cheese. As the majority of meat moulds had 
been isolated from a meat-in-pastry product, sausage rolls were 
chosen as the meat commodity. These were sterilized befo·re 
inoculation by a combination of autoclaving and baking. Each 
surface of the cheese was cut and the sample dipped in alcohol 
briefly before flaming. For the bread sample, the outside surfaces 
were removed and the inner sample used for inoculation. The cake 
and jam samples were used directly for inoculation. 
The moulds were simultaneously inoculated into culture media and 
tested to confirm that the original toxic effects observed had been 
reproduced. The foodstuffs (approx. 50 g) were slurried with three 
times their weight of water and the filtrate extracted sequentially 
with hexane, chloroform and ethyl acetate. 
ｾ＠ The foodstuffs were provided by the Microbiology Section. 
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For each inoculated foodstuff, a control uninoculated foodstuff was 
analysed simultaneously to detect .. false-positive" results occurring 
from the nature of the food. The extracted foodstuffs were tested 
on all the bioassays. 
3.2.6 Studies on toxin production by Wallemia spp. 
Materials 
Growth media for toxin production 
2% m/V yeast extract + 4% m/V sucrose 
2% m/V yeast extract + 20% m/V sucrose 
Czapek + 0.1% m/V yeast extract 
Czapek + 0.25% m/V yeast extract 
Czapek + 0.5% m/V yeast extract 
MYPG (peptone 5 g, yeast extract 3 g, malt extract 3 g, glucose 200 
g, made up to 1 litre with distilled water) 
Cultures were maintained on osmophilic agar slopes (Scarr, 1959). 
Methods 
Toxin production 
Each of the growth media was prepared in 100-ml amounts in 250-ml 
conical flasks, plugged with cotton wool and sterilised by 
autoclaving. A spore suspension of Wallemia was used for 
inoculation of the media. Incubation was at 25°C, with and 
without shaking. The incubation time varied from two to ten weeks. 
Culture filtrates were extracted with chloroform for bioassay 
testing. Stock cultures of Wallemia were maintained on slopes of 
0 
osmophilic agar, kept at 4 c. 
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...._ ________________________________ , ___________ _ -
Flow diagram showing purification of Wallemia toxin 
Mould incubated at 25°C (6 weeks) 
l defat culture filtrate with hexane 
Extract defatted filtrate with 
several portions of chloroform 
1 evaporate to small volume 
Streak onto TLC plate and develop in 
toluene:ethyl acetate:formic acid (5:4:1) 
1 divide plate into 3 portions and cut into strips 
Extract toxin by shaking 
strips with methanol 
1 Toxic fractions isolated by bioassay testing 
Repeat procedure using 
chloroform:methanol (97:3, 99:1 and 9:1) as 
developing solvents 
1 Toxic fractions isolated by bioassay testing 
Final purification using HPLC 
separation (butan-1-ol:hexane 10:90) 
Flow rate 2 ml/min, UV detection 230 nm 
Bioassay testing 
(see opposite) 
The purified toxinJwas applied to the bioassays using methanol as 
solvent. (This solvent had no effect on the bioassays at a 1% V/V 
concentration). Cells were examined by light microscopy and 
electron microscopy. Cells that had been grown on Thermanox 
coverslips were prepared for electron microscopy using a 
modification of the GTGO (glutaraldehyde/tannic acid/guanidine 
hydrochloride/osmium tetroxide) fixation method described by Gamliel 
et al., (1983). For scanning electron microscopy (SEM), pieces of 
the coverslip were transferred to Freon 113, air-dried and then 
mounted and sputter-coated with platinum before examination in a 
Jeol 1200 EX operating at 20 kV or 40 kV. For transmission electron 
microscopy (TEM), small pieces of the coverslip (where cells had 
detached from the coverslip, the lightly centrifuged pellet •was 
examined) were infiltrated and embedded in L.R. White resin. Thin 
sections (approx. 100 nm) were cut on a Reichert Ultramicrotor 
post-stained with 7% uranyl acetate in methanol and examined in a 
Jeol 1200 EX operating at 60 kV or 80kV. 
3.3 Results 
3.3.1 Identification of fungal isolates 
Penicillia were isolated from over 50% of 215 mouldy food samples 
examined, representing six major classes of foods: meat products, 
cheese, bakery products, fruit and vegetable products, nuts and 
miscellaneous. In total, 413 different fungal isolates were 
obtained; of these, 219 (53%) were penicillia, 56 (14%) were 
aspergilli, 65 (16%) were zygomycetes and 36 (9%) were cladosporia. 
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Table 3.1 illustrates the foods from which the various isolates were 
obtained. The moulds were tested on the bioassays in proportion to 
their incidence on the foods, i.e. a greater number of Penicillium 
ｳｰｾｷ｡ｳ＠ tested than Alternaria spp. 
3.3.2 Evaluation of the Biological Testing 
Media blanks 
None of the bioassay systems showed a toxic reaction to any 
of the media blank extracts. Thus, any positive reactions found in 
the screening test would not be attributable to media effects. 
Testing of the aflatoxin-producing strain of A. flavus 
The reaction of the bioassays to this extract is shown in Table 
3.2. It can be seen that only a moderate reaction to the most 
concentrated aflatoxin extract was found in the BHK cell assay. 
This is because aflatoxin B1 needs to be metabolised into an 
active form to exert toxic effects. The BHK cells, as established 
cells, are unable to ' metabolise aflatoxin B1 to any great extent. 
The fact that these cells could react to very large concentrations 
of aflatoxin B1 may suggest a slight capacity for metabolism of 
this toxin or that the unaltered molecule does have some toxicity. 
The brine shrimps, bacteria and pea seeds all reacted to the diluted 
aflatoxin extract. The pea seeds were particularly sensitive to the 
aflatoxin extracts. 
Thus, the bioassay screen would be able to detect toxicity caused by 
an extract of A. flavus, subjected to the protocol in Fig. 3.1. 
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Table 3.1 
Frequency of isolation of .fungi fran sp:>iled foods - numbers (and 
ｰ･ｲ｣･ｮｴ｡ｧ･ｳｾ＠ of fungi 
Genus ｾｴ＠ Cbaese Bakery Fruit and Nuts Mise Total 
Penicilliun 
Asr:ergillus 
Cladosp:>riun 
M..tcor 
Rhizop..lS 
Alternaria 
l-l3JJemia 
ｾ＠
TOTAL 
products pro:fucts vegetable 
(n=51) (n=32) (n=46) products (n=ll) (n=25) (n=Q15) 
(n=50) 
52(52) 51(89) .58(56) 33(44) 6(24) 19(37) 219(53) 
2(2) 2(4) 29(28) 10(13) 7(28) 6(12) .56(14) 
25(25) 1(2) 2(2) 3(4) 0(0) 5(10) 36(9) 
13(13) 1(2) 3(2) 14(18) 5(20) 6(12) 42(10) 
7(7) 1(2) 3(3) 3(4) 4(16) 5(10) 23(6) 
0(0) 0(0) 0(0) 5(7) 0(0) 2(4) 7(2) 
0(0) 0(0) 5(5) 3(4) 0(0) 0(0) 8(2) 
1(1) 1(2) 4(4) 4(5) 3(12) 9(17) 22(5) 
100 57 104 75 25 52 413 
a Ra.mrJed to nearest Mlole ru.mber 
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Table 3.2 
Toxicity testing of A. f1avus extract 
Bioassay Effect of A. fla.vus extract at cooc. of aflatoxin B
1 
below (in the test system) 
200 pg/ml 100 pg/ml 50 pg/ml 1 pg/ml 0.5 pg/ml 0.25 pg/ml 
+ 
+1-/+ BHK cells + Nr Nr Nr 
Brine shrimp Nr Nr NT 100% ldll 100% kill 65% ki.1l 
Bacj JJJlS NI' Nr Nr + 
.+I-
m?.gaterum 
-H+ 
Pea seeds Nr Nr +1- + 
Nl' - not tested 
BHK cells 
+ +f-/+ 25-50% normal cells. Other rells varioos appearances e.g. roonded, 
giant cells. 
+ 50-75% nonn:ll cells 
Confluent monolayer. All cells norm:tl 
B. ｾｴ･ｲｩｵｮ＠
# 
+ Inhibitioo zone 2 nm diameter 
- No inhibition of growth 
Pea seeds 
-H+ 
+f- 25% germination, with 8% nonml gr<Mth 
+ 67% germination, with 17% nornal growth 
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Testing of "non-toxigenic" strains of A. ochraceus and ｾ＠ oryzae 
None of the bioassays showed a toxic reaction to extracts of A. 
oryzae. In the case of A. ochraceus, the BHK cells reacted 
violently to the extract produced after growth in yeast extract + 4% 
sucrose. The cells did not show a toxic reaction to extracts 
produced after growth in Czapek or in yeast extract + 20% sucrose. 
The other bioassays showed no toxic reaction to any of the A. 
ochraceus extracts. 
A repeat testing confirmed the positive toxic result found in the 
BHK cells and it was shown that the toxicity was associated with an 
ethyl acetate extract of ａｾ＠ ochraceus. In this instance, whilst the 
isolate was known to be a non-producer of ochratoxin A, it may have 
produced another, possibly unknown, toxin which was the cause of the 
positive result. The toxic effect caused by the A. ochraceus 
extract could not be due solely to extraction solvent, or 
non-specific mould extracts, as no effect on BHK cells was caused by 
any A. oryzae extracts or the ａｾ＠ ochraceus extracts after growth in 
Czapek or 20% sucrose medium. As no effect on the bioassays was 
caused by the other 'non-toxic' mould extracts, the screen should 
not be susceptible to 'false-positive' results. 
3.3.3 Toxicity Testing of Mould Metabolites 
The results of bioassay testing of mould isolates are 
summarised in Tables 3.3-3.·5. Appendix 1 lists individual responses 
of the different mould media extracts. Table 3.3 shows the testing 
of twenty fungal isolates ｾｳｩｮｧ＠ ｾｨ･＠ five bioassays initially chosen, 
i.e. brine shrimp, B. megaterium, ｂｾ＠ stearothermophilus, pea seeds 
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and BHK cells. It can be seen from the initial studies in Table 3.3 
that the bacterial bioassays were relatively insensitive to the 
mould extracts tested. This confirmed the earlier work in which, 
despite reports to the contrary, the bacterial assays were 
insensitive to the majority of mycotoxin standards tested (Chapter 
2). Where a positive result was found in the bacterial assays, it 
was always picked up by one of the other bioassays as well. The 
former bioassays therefore served no useful purpose and were 
discontinued at this point. 
Table 3.4 shows the testing of fifteen mould isolates after omission 
of the bacterial assays and inclusion of an additional cell line, 
namely Chang Liver. The Chang Liver cell line was found to be 
difficult to maintain in a stable condition and was replaced by a 
rat liver cell line for the final stages of testing. These cells 
were easy to maintain and were also very sensitive to the mould 
extracts tested. At this stage in the testing a protozoal assay (T. 
pyriformis) was also included. As an alternative microbial assay to 
the bacterial assays, it was found to be simple to perform and very 
sensitive to the mould extracts. Table 3.5 shows the testing of 
moulds with the inclusion of the rat liver cells and protozoal assay. 
Of the forty-four mould isolates tested, 59% proved to be toxic to 
three or more bioassays. Of these, the majority were also toxic 
when tested after growth in different media. ·only two isolates 
caused no toxic effect in any of the bioassays. 
The mould extracts caused various morphological changes to occur in 
the cell line -assay. Plate 3.1 shows a control BHK cell line and 
Plates 3.2 and 3.3 show effects of mould extracts on BHK cells. 
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Plate 3.4 shows a control rat liver cell line and Plates 3.5 and 3.6 
show effects of mould extracts on rat liver cells. Some extracts 
were found to cause total destruction of the cells; others caused 
some cell death and formation of 'giant' cells (see Plates 3.2 and 
3.5). Other effects observed were rounding up of cells and 
vacuolation of the cytoplasm. 
Interesting effects were also found in the pea seed assay. The 
mould extracts affected not only the germination rate of the pea 
seeds, but also the growth of the seedling. Plate 3.7 shows some 
effects caused by the extracts. It can be seen that compared with 
the control seedling, the extracts caused stunted growth, lack of 
root formation, and in a few cases the production of more than one 
shoot per seedling. The last-mentioned effect had not been apparent 
with any of the standard mycotoxins tested. 
3.3.4 Toxicity Testing of Reinoculated Foods 
In a laboratory study of mycotoxin production by pure 
cultures it is possible to optimise conditions such as water 
activity, temperature and nutrient availability for toxin 
production. Many factors, both physical and nutritional, have an 
effect on the production of·· toxins in culture, and also under 
natural conditions. It is therefore possible that moulds that have 
produced a toxic substance when grown in culture, may not do so 
after growth on a foodstuff. 
To check this point, a selection of fungal isolates which had caused 
the greatest ·toxic effects to bioassays, after growth in culture 
media, were reassessed for toxicity after growth on foodstuffs. The 
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foodstuffs chosen were as similar as possible to those from which 
the moulds had been originally isolated. The moulds were also 
reinoculated into culture media, in order to check viability and 
production of toxic metabolites. Uninoculated control foodstuffs 
were tested in parallel. 
Tables 3.6 and 3.7 show a summary of the effects found in the 
bioassays from extracts of artificially moulded foods. It can be 
ｳ･ｾｾ＠ that one species of Aspergillus, namely A. amstelodami (jam 
isolate), and two species of Penicillium, namely P. aurantiogriseum 
(bread isolate) and P. expansum (cheese isolate), showed a marked 
reduction of toxicity when tested in culture for a second time, 
despite demonstrating strong,toxicity in the first test. This has 
been found by other workers, e.g. Umeda et al., (1974), who stressed 
the importance of maintaining fungi capable of producing toxic 
metabolites in a stable condition. However, P. aurantiogriseum and 
A. amstelodami were markedly more toxic to bioassays after growth on 
foodstuffs. /Note that no toxic effects were caused by uninoculated 
foodstuffs(· A greater toxic effect was also caused by P. 
aurantiogriseum (meat isolate) and Wallemia after growth on the 
foodstuffs. Isolates of. ·P. crustosum, ﾷ ｡ｾ＠ repens and P. 
aurantiogriseum (jam isolate) were markedly less toxic or non-toxic 
after growth on the foodstuffs. The ability of a mould isolate to 
produce toxic substances is therefore very much dependent on the 
:substrate used for growth and is difficult to predict. 
3.3.5 Studies on toxin producion by Wallemia 
Wallemia is not generally considered to be a producer of 
mycotoxins, and there are few data on the toxicity .of this mould in 
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Table 3.6 
Reinoculation of moulds on to foods - summa;y of effects 
on test systems (1) 
Test system Pea seeds 
Jam -
Media -
Jam -
Meat -
Media -
Meat -
Media -
Meat -
Cake -
Media -
Cake -
Media Slight+ 
Cake + 
-No effect. 
+Toxic effect. 
BHK cells 
-
-
+ 
-
++ 
-
+ 
++ 
-
Slight+ 
-
+ 
+ 
Chang Liver cells Brine shrimp Mould 
- - Uninoculated control 
- + A. amstelodami 
++ + A. amstelodami 
- - Uninoculated control 
+ + P. crustosum 
- - .P. crustosum 
+ + · P. aurantiogriseum 
++ + P. aurantiogriseum 
- - Uninoculated control 
Slight+ ++ A. repens 
- - A. repens 
+ ++ P. crustosum 
+ ++ P. crustosum 
++Increased toxicity .compared with original effect found from culture media on initial testing. 
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Table 3. 7 
Reinoculation of moulds on to foods - summary of effects 
on test systems {2) 
Test system 
Jam 
Media 
Jam 
Cake 
Media 
Cake 
Bread 
Media 
Bread 
Cheese 
Media 
Cheese 
Media 
Cheese 
-No effect. 
+Toxic effect. 
Pea seeds 
-
+ 
+ 
-
+ 
+ 
-
-
-
-
-
-
-
-
BHK cells Rat liver cells Brine shrimp 
- - -
+ + + 
. ·-
- -
+ 
- - -
+ + + 
++ ++ + 
- - -
- - + 
++ + ++ 
- - -
+ - -
+ 
- -
+ + + 
+ + + 
Mould 
Uninoculated control 
P. aurantiogriseum 
P. aurantiogriseum 
Uninoculated control 
Wallemia* 
Wal/emia* 
Uninoculated control 
P. aurantiogriseum 
P. aurantiogriseum 
Uninoculated control 
P. expansum 
P. expansum 
P. echinulatum 
P. echinulatum 
++ Increased toxicity compared with original effect found from culture media on initial testing. 
* Wallemia grown both on cake and in culture media showed a+ toxic effect in the protozoal assay. 
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the literature. As this mould produced toxic effects in five 
bioassays during the screening (Table 3.5) and was also toxic after 
growth on foodstuffs (Table 3.7), further work was carried out in 
order to study toxin production by Wallemia. 
Toxic Effects Produced by Crude Extracts of Wallemia isolates 
It was noted during the screening of moulds that very poor growth of 
Wallemia occurred in Czapek-Dox medium, compared with that in yeast 
extract sucrose media but it was only the extracts produced from the 
Czapek medium that were toxic to bioassays. 
Further examination of this mould isolate showed it unable to grow 
in Czapek-Dox when reinoculated into it, despite the fact that the 
isolate was still viable. In an effort to reproduce the toxicity 
first obtained, the isolate was inoculated into Czapek-Dox 
containing small amounts of yeast extract, i.e. 0.1-0.5% m/V. It 
was thought that this would provide sufficient nutrients for growth, 
whilst still maintaining an ideal medium for toxin production. The 
isolate was also inoculated into malt extract, yeast extract, 
peptone, glucose medium (MYPG) as used by Saito et al. (1971) for a 
toxicity study of Wallemia isolates. 
The results of toxicity testing of Wallemia extracts using cell 
lines and brine shrimp are shown in Table 3.8. A comparison of the 
effects of cultures incubated in a shaking incubator and in 
stationary flasks is shown. In general, the shaken cultures 
produced more variable growth and extracts were less toxic to the 
bioassays. Further work, therefore, used stationary incubation 
conditions. Results show that in the case of the Czapek media the 
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Table 3.8 
Toxicity testing of Wallemia extracts 
Effect on: 
Dilution of Amount of 
Growth medium extract growth BHK cells Rat liver cells Brine shrimp 
( 1) (2) 
Stationary incubation: 
Czapek + 0.1% YE 1:50 Poor ++ ++ 100 
1:100 + + 20 
Czapek + 0.25% YE 1:50 Moderate - - 11 
Czapek + 0.5% YE 1:50 Good -
- 0 
MYPG 1:50 Good +++ +++ 100 
1:100 + + 18 
Shaking incubation: I 
Czapek + 0.1% YE 1:50 Poor - - 48 
1:100 0 
Czapek + 0.25% YE 1:50 Moderate - - 0 
Czapek + 0.5% Y E 1:50 Good - - 0 
MYPG 1:50 Good +++ ++ 51 
1:100 +/- +I- 0 
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toxicity caused was inversely related to the amount of mould growth 
occurring in the media, as assessed visually. However, the greatest 
ｴｯｾｩ｣ｩｴｹ＠ was caused by growth of the isolate in MYPG medium, in 
which good growth was obtained. 
Up to this point, the cultures had been incubated for only 1 week at 
25°C. It was thought that the difference in toxicity produced by 
extracts of cultures in various growth media could be a reflection 
of the phase of growth reached by the mould in the restricted 
incubation time. For example, the more nutrient media of yeast 
extract and 4% or 20% m/V sucrose allowed good growth of the mould 
isolate after one week's incubation, but the cultures would be 
unlikely to have reached a stationary phase of growth at which toxin 
production could occur. Cultures were set up in yeast extract media 
containing 4% m/V or 20% m/V sucrose and incubated in stationary 
flasks for up to 10 weeks. The culture filtrates were extracted 
with chloroform at various time intervals and tested for toxicity 
using the brine shrimp assay. TI1e results are shown in Table 3.9. 
In both of the sucrose media, the toxicity to brine shrimps reached 
a maximum after 6 weeks' incubation of the mould. After 10 weeks' 
incubation the toxicity was reduced, possibly as a result of 
breakdown of the toxic principles by the mould. 
( i soiC\+e. t\) 
The above strain of ｗ｡ｬｬ･ｭｩ｡ｾｨ｡､＠ been isolated from a cake sample. 
A separate strain of Wallemia (iso1ate B), originating from a jam 
sample, was also examined for toxicity. The second isolate was 
grown in yeast extract containing 20% sucrose. It had a slower 
growth rate than the first isolate, and was incubated for- 10 weeks 
at 25°C to give a similar mycelial weight. The filtrate was 
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Table 3.9 
Effect of incubation time on the toxicity of Wallemia extracts 
Incubation time (weeks) 
Growth medium 
2 3 4 6 10 
Dry weight of 0.22 0.35 0.69 1.58 1.27 
mycelium (g) 
Yeast extract %Kill of Dilution 
+ 4% sucrose brine shrimps 
1:50 92 100 100 100 100 
1:200 0 0 4 100 32 
1:400 0 0 0 90 0 
Dry weight of 1.62 3.47 3.06 3.84 4.29 
mycelium (g) 
--
Yeast extract %Kill of Dilution 
+ 20% sucrose brine shrimps 
1:50 90 100 100 100 100 
1:200 0 100 100 100 100 
1:400 0 10 100 100 80 
No effect was -caused by extracts of media blanks. 
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extracted with chloroform and tested for toxicity on brine shrimps 
and rat liver cells. In the cell assay, the more concentrated 
extract caused the cell sheet to be stripped off the surface of the 
coverslip and float intact in the growth media. This effect had not 
been observed before, either with mycotoxin standards, or with the 
other fungal isolates tested. Repeated testing showed that this 
effect was reproducible. Further dilutions of the extract did not 
cause the same effect; cells . became very rounded and died. The cell 
sheets were further examined by electron microscopy (see Plates 
3.8-3.12). The SEM shows a rougher surface to toxin-treated cells, 
compared with controls. In the sectioned cells the nucleus of the 
treated cells is densely stained and contains unusual membrane-like 
structures. Crude extracts of Wallemia (isolate B) were more toxic 
to brine shrimps than the initial isolate - a dilution of 1:400 
caused 100% mortality of shrimps, compared with 80% mortality by the 
initial isolate at the same dilution. 
Purification of Toxic Extracts from ｗｾｬｬ･ｭｩ｡＠
The chemical ｰｵｲｩｦｩｾ｡ｴｩｯｮ＠ (involying ｰｲｾｰ｡ｲ｡ｴｩｶ･＠ TLC and HPLC) was 
paralleled by bioassay testing to isolate the toxic fraction. The 
brine shrimp and cell line assays were used to assess toxicity. The 
purified toxin, to be called walleminol A, has been partially 
characterised by mass spectroscopy, nuclear magnetic resonance, 
ultra-violet and infra-red spectroscopy as a tricyclic dihydroxy 
compound, c15 H24 o2 , with structural features characteristic 
of a sesquiterpene with an isolated double bond. 
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Toxicity of purified walleminol A 
(i) Brine shrimp assay 
The purified compound appeared to have a "weakening" effect on the 
shrimps. Brine shrimps are normally extremely active swimmers and 
it has been suggested by other workers (Eppley, 1974) that if the 
shrimps are "moving but not making forward progress" they should be 
considered as 'dead' for assay purposes. High doses of the toxin 
did cause death of the shrimps; lower doses caused a proportion of 
the shrimps to die, the rest appearing as 'weak'. A concentration 
of 80 pg/ml walleminol A caused 41% kill of shrimps, with the 
remaining shrimps all weak (i.e. equivalent to 100% kill). At 
further dilutions, some live shrimps were apparent. The Ln50 
(including weak shrimps) was calculated to be about 40 pg/ml. 
(ii) Protozoal assay (Tetrahymena pyriformis) 
At concentrations of 50 pg/ml of the toxin, and above, total death 
of the protozoa was caused. Further dilutions caused restriction of 
growth and a lag in the growth phase. Concentrations of 10 ug/ml 
walleminol A had no effect on growth of the protozoa. 
(iii) Cell line assays 
High concentrations of the toxin (500 pg/ml) caused rapid death of 
both rat liver cells and BHK cells. Lower concentrations (50-100 
pg/ml) caused a restricted growth rate and affected the morphology 
of the cells. Concentrations of 100-200 pg/ml_walleminol A caused 
sloughing of the rat liver cells, leading to sheets of cells 
floating in the media. This effect had previously been noted with 
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crude extracts of Wallemia filtrate. Cells remaining attached to 
the coverslip were granular and shrivelled, with some cytoplasmic 
vacuolation apparent. 
Effects caused by walleminol A, at lower concentrations, on BHK 
cells were quite different. At a concentration of 500 pg/ml toxin, 
rapid death occurred, as with the rat liver cells. However, 
concentrations of 100-200 pg/ml of the toxin caused the formation of 
some giant cells. These had single nuclei up to four times larger 
than the control cells. Another effect on the BHK cells caused by 
the above concentrations of toxin, was what can best be described as 
the formation of "blobby .. cells. These cells were larger than 
normal, and in many cases the ｮｵ｣ｾＧ･ｩ＠ could not be distinguished in 
the cells. 
A summary of the effects of walleminol A in the bioassays is shown 
in Table 3.10. 
Further examination of the effects caused by walleminol A in the 
cell line assays was performed by making a direct comparison of the 
toxin with effects of cytochalasins on cells. The .cytochalasins, a 
group of mould metabolite.s_ produced by Helminthosporium sp and 
Metarrhizium sp, are known to inhibit cytoplasmic cleavage and cause 
nuclear extrusion, which may lead to total enucleation in ｣ｵｬｴｾｲ･､＠
cells. (Carter; 1967). It was thought that such effects were 
similar to those caused by walleminol A. Two cytochalasins were 
chosen, cytochalasin A and· H. The former was known to have a lower 
potent activity than the latter. 
Cytochalasins A and H were tested at concentrations of 0.625-10 
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pg/ml in the rat liver and BHK cell assays. Walleminol A was tested 
simultaneously at concentrations of 100 and 200 pg/ml. The effects 
caused by the toxins are summarised in Table 3.11. Walleminol A 
caused the same effects as previously ｦｯｵｮｾｩＮ･Ｎ＠ sloughing and 
granulation of rat liver cells and the formation of giant cells and 
"blobby" BHK cells. Cytochalasin A (at a concentration of 10 pg/ml) 
caused granulation of rat liver cells and formation of "blobby" BHK 
cells. Little effect was caused by lower doses of this toxin. 
Cytochalasin H was shown to be much more potent. At concentrations 
of 0.625 pg/ml, excessive vacuolation of rat liver cells occurred, 
nuclei were shrunken and some cells appeared blobby. The same 
concentration of cytochalasin H caused the formation of large blobby 
BHK cells. Thus, similar effects were caused by the cytochalasins 
and walleminol A on the morphology of BID' and rat liver cells. The 
effects observed by light microscopy are shown in Plates 3.13-3.18. 
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Table 3.10 
Summary of the toxicity of walleminol A in the bioassays 
Bioassay 
Brine shrimp 
Protozoa 
BHK Cells ++ 
Cone. of walleminol A 
in test system 
pg/ml 
80 
40 
20 
50 
40 
30 
25 
10 
500 
250 
125 
62.5 
31.25 
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Effect on 
bioassay 
% kill 41* 
30** 
10*** 
% growth 0 
21+ 
35+ 
50+ 
85 
Cell death +H-
Cells rounded ++ 
Some giant cells 
'blobby' cells + 
++ 
++ Rat Liver cells 500 
250 
Cell death +++ 
Cell sloughing ++ 
125 granular shrivelled ++ 
62.5 vacuolated + 
31.25 
* 
Remaining shrimps all weak 
** 
Approx. 50% shrimps live 
*** Approx. 70% shrimps live 
+ Lag in growth - several days before growth was apparent 
++ Toxic effects on cells as described in the previous chapter 
(2.2.2) 
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Table 3.11 
Comparison of the toxic effects caused by walleminol A and 
cytochalasins A and H in the cell line assay 
Toxin & cone. 
in test system 
pg/ml 
Cytochalasin A 10 
2.5 
Cytochalasin H 10 
2.5 
0.625 
Walleminol A 200 
100 
+ Effect on 
Rat Liver 
cells 
Granular -++ 
Little effect +/-
Very blobby +t+ 
Vacuolated, -H-+/-H-
blobby 
Vacuolated, -H-
shrunken nuclei, 
b1obby 
Many dead, +++ 
cells sloughed 
Granular, # 
shrivelled 
+ Grade of toxic effect as described in 2.2.2. 
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BHK 
cells 
Blobby -H-
Little effect +/-
Very blobby -H-+ 
Very blobby +++ 
Large, blobby, ++ 
nuclei 
indistinguishable 
Many dead, +t+ 
some giant cells 
Granular, ++ 
Large blobby cells 
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3.4 Discussion 
Several workers have carried out surveys of fungal isolates 
for potential toxicity using bioassays. Saito et al., (1971) found 
ｾ＠37% of the fungal isolates tested caused toxicity to He La cells 
ｾ＠
and/or mice. The isolates were chosen according to their frequency 
of isolation and included 36% Aspergillus spp, 33% Penicillium spp, 
3% Cladosporium spp and 1% Wallemia sp. An additional study by 
Saito et al., (1974) showed 66% of fungal isolates to be toxic to He 
La cells and/or mice. These isolates were chosen according to 
frequency of occurrence, but also included species of mould which 
had not been previously tested for mycotoxins. In both studies, the 
mould isolates were tested after growth in a single medium. A later 
study by Gupta et al., (1981) showed that 35% of fungal isolates 
tested were toxic to mice, after growth on cereals. 
The present study showed that of forty-four mould isolates tested, 
59% proved to be toxic to three or more bioassays. The isolates 
were tested according to their frequency of occurrence - the 
majority of which (53%) were Penicillium spp. In all these studies 
the types of mould isolated will vary according to the food 
substrates examined, and the choice of isolation media. The high 
degree of occurrence of Penicillium spp in this study was not 
unexpected, as these are common storage fungi and many of the foods 
examined were chilled foods e.g. cheese, meat. A study by Patterson 
and Damoglou (1985) also found the majority of isolates from 
mould-spoiled foods to be Penicillium spp (88%) but in this case 
most of the samples were bread. Qnly 8% of the isolates were 
Aspergillus spp.and 3% were Mucor spp. 
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In contrast, a moderately high occurrence of Zygomycetes (Mucor and 
Rhizopus) was found in.this study (16%) and 14% of the isolates were 
Aspergillus spp. Many of the moulds isolated have strains which 
have been reported to produce mycotoxins (Table 3.12). However, the 
study also included moulds such as Mucor and Wallemia, which are not 
generally recognised as mycotoxin-producers. 
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Table 3.12 
Mycotoxins which may be produced by some strains of the fungal 
isolates reported in this study 
Species Mycotoxins reported Reference 
P. aurantiogriseum Penicillic acid Frisvad & Filtenborg (1983) 
P. brevicompactum 
P. citrinum 
P. chrysogenum 
P. crustosum 
P. echinulatum 
P. expansum 
Cyclopiazonic acid 
Penitrem A and B 
Patulin 
Holzapfel (1971) 
Scott (1977) 
Efrimenko & Yakimov (1960) 
Mycophenolic acid Frisvad & Filtenborg (1983) 
Citrinin Pollock (1947) 
PR-toxin, Roquefortine Frisvad & Filtenborg (1983) 
Penitrem A, Roquefortine Frisvad & Filtenborg (1983) 
S,T (unknown metabolites) Frisvad & Filtenborg (1983) 
Patulin nrian et al. (1956) 
Penicillic acid 
Citrinin 
Roquefortine 
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Mintzlaff et al (1972) _ 
Harwig et al. (1973) 
Frisvad & Filtenborg (1983) 
P. roquefortii Wei et al. (1973) 
--
PR toxin 
Mycophenolic acid Frisvad & Filtenborg (1983) 
Roquefortine 
A. flavus Aflatoxins Goldblatt (1969) 
A. niger Ma1formin Curtis (1958) 
A. parasiticus Aflatoxins Murakami et al. (1966) 
Alternaria sp. Tenuazonic acid, King & Schade (1984) 
Alternariol, 
Altertotoxin I 
Cladosporium sp. Emodin Ueno (1984) 
Rhizopus sp. Rhizonin A Wilson et al. (1984) 
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Only two isolates caused no toxic effect in any of the bioassays. 
These were a species of Cladosporium and a strain of P. 
brevicompactum. Three other strains of Cladosporium isolated gave 
strong positive responses in the bioassays, and the only other 
strain of P. brevicompactum caused a moderate positive response. In 
some cases, different strains of the same isolate gave a consistent 
response in the bioassay tests. For example, six strains of P. 
aurantiogriseum all caused a strong toxic response, as did three 
strains of P. roquefortii and P. chrysogenum, and two strains of P. 
expansum. These moulds have been reported to produce mycotoxins 
such as cyclopiazonic acid, patulin, penicillic acid, penitrems, 
citrinin, roquefortine, mycophenolic acid and PR toxin. 
The majority of these toxins could account for the toxic responses 
shown in the bioassays. Variable responses were caused by different 
strains of Mucor, for which the mycotoxin data is limited. All of 
the Aspergillus isolates produced a moderate to strong response. 
This contrasts with results found by Davis et al. (1975), in which 
only one out of seven Aspergillus isolates caused a positive 
response in chick embryo and brine shrimp assay. In the present 
study, six out of seven Aspergillus isolates caused a positive 
response in the brine shrimp assay. 
Taking into account all of the bioassays used, and the fact that 
only two isolates caused no toxic response in any bioassay, more 
than 95% of the fungal isolates caused a toxic response. This is 
considerably higher than found by previous workers e.g. Saito et al. 
1971; 1974, Davis et al. (1975); Gupta et al. (1981) & Patterson & 
Damaglou (1985). Toxigenic isolates, as demonstrated by these 
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workers, averaged 30-40% of the total isolates tested. There are 
two reasons for the high proportion of toxigenic isolates 
demonstrated in this study. Firstly, five different bioassays, 
including tissue culture, plant, invertebrate and microbial assays 
were used to assess toxicity. Many of the other reported studies 
used a single bioassay, or, at most, two bioassays. Secondly, this 
study involved growth of the fungal isolates in three different 
media before toxicity was assessed. Other workers have used a 
single medium, either culture medium, or a foodstuff. 
The sensitivity of different bioassays to mycotoxins has been 
demonstrated in the previous chapter. For example, the protozoal 
assay was particularly sensitive to citrinin, whereas the brine 
shrimp assay was unable to detect quite high concentrations of this 
toxin. Conversely, the brine shrimp assay could detect less than 
0.2 pg/ml aflatoxin B1 ; the protozoal assay did not detect 10 
pg/ml aflatoxin B1 • Thus, either of these bioassays, used alone 
in a screening procedure, would not detect all toxic metabolites of 
a particular species. 
In the present study, however, a positive response was caused ｢ｹｾ＠
citrinum (a possible citrinin producer) in the brine shrimp assay, 
and by A. parasiticus and A. flavus (potential aflatoxin producers) 
in the protozoal assay. It is likely, therefore, that these moulds 
were producing other toxic metabolites ｷｨｩｾｨ＠ were detected in the 
bioassays. 
The work by Saito et al. (1971) proved that a single biological test 
system is insufficient to detect toxic mould metabolites. In this 
present study, the number of toxigenic isolates detecte-d would have 
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been considerably reduced if a single bioassay had been used. The 
brine shrimp assay detected 68%, the BHK cells 80%, the pea seeds 
84%, the protozoa 90% (although a smaller number of isolates was 
tested) and the bacterial assays 10% and 20% of the toxigenic 
isolates. 
It was interesting to note that the pea seedling assay detected a 
high proportion of the toxigenic isolates. This contrasts with the 
sensitivity to mycotoxin standards - shown in Chapter 2; only four 
of the mycotoxins tested produced significant toxic effects. 
However, during the evaluation studies for the bioassays, using a 
toxigenic strain of A. flavus, the pea seedling assay proved to be 
very sensitive. This strain produced a mixture of aflatoxin B1 , 
B2 , G1 and G2 and it is possible that these toxins were 
interacting to produce synergistic toxic effects. Work by Jacquet 
et al. (1971) showed that a combination of the aflatoxins caused an 
--
enhanced effect on reducing the germination rate of Phalaris 
canariensis, compared with aflatoxin B1 • Most of the fungal 
isolates tested (see Table 3.12) have the potential for production 
of more than one mycotoxin - which could be acting synergistically. 
It is possible that they were also producing other toxic metabolites 
which may not have been chemically characterised as yet. 
The importance of nutritional factors on toxin production was 
e.mphasised, not only by ｳｴｵ､ｩｾｳ＠ of the mould in culture inedia, but 
also after the reinoculation of moulds on to foodstuffs. If a 
single culture medium had been used for growth of the fungal 
isolates_, the number of toxigenic isolates detected would have been 
reduced to 30-40%. Many isolates would not have been detected if 
the study had involved a single bioassay and a single culture medium. 
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This study therefore provided optimum grolvth and toxin-producing 
conditions for the fungal isolate, as well as an optimum bioassay 
detection system. Is this a fair assessment of the toxin-producing 
capability of fungal isolates? Although optimum conditions were 
provided for toxin production, it is important to be aware of the 
toxigenic potential of a mould. It is likely that growth conditions 
may change as a result of storage conditions of a foodstuff which 
may permit the production of toxic metabolites, not previously 
possible. 
Within the limited range of foods tested, it was found that some 
moulds had a greater potential for toxicity when grown on a 
foodstuff; this indicates the importance of testing moulds growing 
on food substrates as well as on media. Two of the isolates, namely 
A. amstelodami and P. aurantiogriseum (a meat isolate) produced a 
weaker toxic effect in the bioassays when retested in culture 
media. Both of these moulds, however, were strongly toxic when 
tested after growth on foodstuffs. Several of the isolates, namely 
P. crustosum, P. aurantiogriseum (a jam isolate), P. expansum ｡ｮ､ｾ＠
repens - were either weakly toxic or non-toxic after growth on 
foodstuffs. Work by Patterson and Damoglou (1985) showed that only 
18% of toxigenic fungal isolates remained toxin producers after 
growth on foodstuffs, in this case, bread. It seems to be 
impossible to predict whether a fungal isolate which has been shown 
to be toxigenic in culture media will similarly produce toxins in 
foodstuffs. The factors contributing to toxin production i.e. aw' 
temperature, time, atmosphere and microbial interaction-can vary 
with storage of foodstuffs and this factor must be taken into 
consideration when assessing the safety of our foods. 
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In evaluating the safety of mould-inoculated foodstuffs, it is vital 
to include the appropriate control (uninoculated) foods. In 
particular, the brine shrimp assay has been shown to be susceptible 
to fatty acids - some naturally occurring fatty acids, such as 
linoleic acid possess toxicity towards the brine shrimp comparable 
with several mycotoxins (Curtis et al. 1974). Other workers e.g. 
Prior (1979) have also shown the brine shrimp assay to give a high 
number of false-positive results, when testing animal feedstuffs. 
In the present study although concentrated extracts of control 
foods, in some cases, caused some reaction in the bioassays the 
effects were eliminated by dilution of the extract. In these cases 
the same dilution of the mould-inoculated food was tested. 
This study did not include any chemical analyses of filtrates of 
Penicillium or Aspergillus to identify any mycotoxins present. 
However, further work was carried out on the Wallemia isolate. As 
this mould is not a recognised mycotoxin producer, it is possible 
that the bioassay screen was detecting a 'new' mycotoxin. This was 
found to be the case and as such is a useful validation of the 
bioassay screen. 
The mould Wallemia sebi is a Deuteromycete capable of growth over an 
exceptionally wide range of a from 0.69-0.997 (Pitt and Hocking 
w 
1977) and has been isolated from foods such as jam, cake, cereals, 
and flour as well as meat and dairy products. Although w. sebi is 
very widespread it is frequently overlooked because it forms small, 
dull brown colonies, which may be overgrown by other moulds on 
conventional isolation media. Pitt (1975) discussed the problems of 
studying the distribution and ecology of xerophilic fungi with the 
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media available, but subsequently Hocking and Pitt (1980) described 
a dichloran-glycerol medium which was suitable for isolation of 
xerophiles, including Wallemia. It is possible that if this 
isolation medium had been used in the present study, a greater 
incidence of Wallemia would have been apparent. 
Wallemia has been frequently found to cause brown discoloration of 
fish and to spoil condensed milk and rice. Pitt (1975) reported 
that it could almost always be isolated. by moistening and incubating 
Australian cereals, or bread, and that partially rehydrated prunes, 
packed in plastic pouches at a up to 0.86, provided a favourable 
w 
substrate for xerophilic moulds, including W. sebi. Saito et al. 
(1971, 1974) found Wallemia to be a dominant contaminant of milled 
rice and flours as well as of dried fish products. It has also been 
isolated from animal feeds (Takatori and Kondoh 1979), flood-damaged 
grains (Mills and Abramson 1981), several types of dried beans 
(Hitokoto et al. 1981), wheat stored in aerated bins (Hurlock et al. 
1980), and brown rice during long-term storage under natural 
conditions (Tsuruta and Saito 1980). In the present study, Wallemia 
was isolated from cake and jam samples. The mould is often present 
in our homes; a study by Rijckaert (1981) showed that Wallemia sebi 
was frequently isolated from floor and furniture dust. 
There are few data on the toxigenic potential of Wallemia, although 
Saito et al. - (1971) showed that filtrates from cultures of Wallemia 
--
,.....,.. 
were toxic to ｈｾ｡＠ cells and mice. The present study has gone some 
way towards identifying the toxic metabolite produced by Wallemia 
and the data suggests that two distinct metabolites may be 
produced. The initial work highlighted the need for several growth 
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media in order to assess the toxicity of Wallemia. The toxic 
effects were not found after one week incubation of the mould in 
yeast extract sucrose media - several weeks were necessary for the 
mould to reach a stationary phase of growth and subsequent toxin 
production. However, the poor growth of the mould in Czapek media 
may be physiologically equivalent to the stationary phase and thus 
allow toxin production. If the Czapek media had not been included 
in the testing, the toxic effects would have been missed. 
The bioassays proved to be invaluable during the purification of the 
toxic metabolite from Wallemia. Both the brine shrimp assay and 
cell line assay were used to identify the toxic fractions prepared 
during purification of the toxin. The toxin, both in the crude and 
pure form, caused the rat liver cells to become detached from the 
surface and to float as an intact sheet in the growth medium. This 
effect was not found in the BHK cell assay. At lower concentrations 
of toxin, the cells remained attached, but the cell morphology was 
affected. The rat liver cells became granular, shrivelled and 
vacuolated, whereas the BID< cells formed some giant cells and some 
large blobby cells. The giant cells contained a distinct nucleus, 
several types larger than normal; in the blobby cells the nucleus 
was indistinct. 
Effects on cell adhesiveness to the subs·trate were noted by Aujard 
et al. (1979) in studies of the effects of PR toxin on cultured 
--
liver cells. ·They found that cells treated with low concentrations 
of the toxin underwent quick retraction and intensive vacuolization 
and came away easily from the substrate. In this case, however, the 
cells did not remain attached as a sheet. 
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A comparison of cytochalasins A and H, and walleminol A exposure to 
cells showed that ｳｩｭｩｾ｡ｲ＠ effects were caused by these toxins to rat 
liver and BHK cells. The BHK cells were more prone to form large 
blobby cells in the presence of either toxins, than were the rat 
liver cells. The effects of some cytochalasins on mammalian cells 
have been described by Carter (1967). The cells involved were mouse 
fibroblasts and effects noted were large, flattened circular cells 
and the removal of ｣･ｬｬ Ｌ ｾｮｵ｣ｬ･ｩＮ＠ Similar effects were seen in the 
BHK cells (hamster fibroblasts). It would appear that walleminol A 
is affecting cell adhesion as well as inhibiting cell division - the 
cell surviving in a non-dividing state would cause the formation of 
large cells. 
During ｰｵｲｩｦｩ｣ｾｴｩｯｮ＠ of the toxin it was noted that the effect on the 
shrimps had been reduced - possibly due to the removal of 
synergistically active compounds. The importance of the cell assay 
was highlighted by the specific effects of the toxin on the cell 
morphology which were consistent during the purification. Further 
studies on the cells may help to give an indication of the mode of 
action of the toxin. 
In conclusion, this work has shown that the bioassay screen can be 
used to assess the toxic potential of moulds - both in culture and 
after growth on foodstuffs. In practice, it has been used to 
isolate a previously ｵｮ｣ｨ｡ｲ｡｣ｴ･ｲｩｳｾ､＠ toxin from ｗｾｬｬ･ｭｩ｡＠ and has the 
potential-for similar studies on other moulds. 
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CHAPTER 4 
4.0 The effects of metabolising enzymes on the toxicity of 
aflatoxin B1 and sterigmatocystin to cell lines 
4.1 Introduction 
Primary cells derived from the liver or kidney may show 
increased susceptibility to mycotoxins when compared with 
established cell lines. This is due to the presence of metabolising 
enzymes which have been lost in established cell lines. In the case 
of aflatoxin B1 , its most significant biological toxicity is 
dependent upon the metabolism of the toxin to an active form. Thus, 
established cell lines, with a limited capacity for metabolism, 
would be expected to be relatively insensitive to aflatoxin B1 • 
This has been shown by the work reported in Chapter 2, and by other 
workers such as Metcalfe and Neal (1983). 
As sterigmatocystin is structurally similar to aflatoxin B1 , (Fig. 
4.1), containing the same bisfuran ring structure, it is possible 
that both toxins are activated on the same site, i.e. the C-2 C-3 
double bond in the terminal furan ring. (Essigmann et al. 1977; 
1979; 1980). 
For the purpose of this study, the effects of rat liver microsome 
preparations, such as are used in the Ames mutagenicity test, on the 
toxicity of aflatoxin B1 and sterigmatocystin to cell lines was 
examined • . The study included extraction of cells and culture 
filtrates in order to examine any metabolites of the toxins which 
may have been produced. As well as a visual assessment of the toxic 
effects produced in the cells, the effect on the cell cycle was 
investigated by flow cytometry. 
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Fig. 4.1 
STRUCTURES OF AFLATOXIN B1 AND STERIGMATOCYSTIN 
Aflatoxin 81 
Sterigmatocystin 
OH 
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4.2 
4.2.1 
Experimental Procedure 
Standardization and use of microsome preparations in the 
cell line assays 
Materials 
Rat liver microsome (59) preparations were supplied in a 
frozen state by BIBRA laboratories, Carshalton Surrey. The 
preparations had been obtained from adult male Wistar rats which had 
been pretreated either by injection with Aroclor 1254 or by the 
addition of a 0.1% solution of phenobarbitone in the drinking water 
for 5 days. Quail microsomes were prepared from fresh whole liver 
and were supplied in a frozen state by MRC laboratories, Carshalton 
Surrey (Neal & Colley 1978; O'Brien et al., 1983). 
Mycotoxins and co-factors (Sigma Chemical Co Ltd) 
Spectrophotometer SP 800 (Pye Unicam) 
Methods 
The S9 preparations were standardised by measuring the carbon 
··· monoxide difference spectra using the method of Omura and Sato 
(1964). The S9 preparations, diluted 1:10 in phosphate buffered 
saline (pH 7.4) were placed in both the sample and reference cells. 
The baseline was recorded from 325-700 nm. Reduction of the samples 
with dithionite- was effected with a few milligrams of solid 
Na2s2o4 . Carbon ·monoxide was added to the sample cell by 
carefully bubbling the gas through the sample for 30 seconds. 
The 89 ·preparations were stored in 2 ml ¥ials at -30°C until 
required. The recommended storage temperature is below -70°C, but 
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tests showed the S9 to remain active in the cell testing after 4 
weeks storage at -30°C. 
For testing the activation system on the cells the S9 (2 ml) was 
added to a microsomal activation mix (8 ml) which was freshly 
prepared before use. The following formulation was used for the 
activation mix:-
0.4 M Mg c12 (0.18 ml), 1.65 M KCl (0.18 ml), glucose-6-phosphate 
(11.7 mg), 0.5 unit of glucose-6-phosphate dehydrogenase, NADP 
(22.95 mg), phosphate buffered saline, pH 7.4 (7.64 ml). 
The activation mix was added in 100 ul amounts to each 1.0 ml of 
cells, together with 20 ul of mycotoxin standard (in DMSO). The 
0 
cells were incubated at 37 C and observed microscopically after 24 
and 48 h. The effects were noted after staining with haematoxylin 
and eosin. Controls of the cells consisting of the S9 preparation 
without added toxin but with DMSO were incubated simultaneously. In 
all cases, exposure of cells to S9 was for 3 hours at 37°C. At 
the end of this incubation time, the cells were washed thoroughly 
with growth medium and reincubated in fresh growth medium for a 
total of 48 hours. 
4.2.2 Use of flow cytometry for assessing the ' DNA content of cells 
and the effect of toxins on the cell cycle 
Materials 
Laser flow cytofluorimeter (MRC, Carshalton) 
Ethidium bromide 
RNA ase 
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Plastic petri dishes (treated for cell growth) (Gibco) 
Mycotoxins (Sigma Chemical Co Ltd) 
Method 
The cells (BHK and rat liver) were grown in plastic petri dishes 
until semi-confluent. Three mycotoxins were chosen for the study -
aflatoxin B1 and sterigmatocystin, which need metabolic activation 
to express toxicity, and T-2 toxin which is considered not to need 
activation. The toxins were added to the cells in 200 ul amounts 
per 10 ml of growth medium. For S9 treatment, 1 ml of the S9 
preparation (diluted with the activation mix) was added. Control 
preparations containing S9 without toxin were also set up. 
Cell preparations containing T-2 toxin were incubated overnight at 
0 0 37 C, or for 5 days at 37 C. Cell preparations containing 
sterigmatocystin and aflatoxin B1 were incubated for 3 hours at 
37°C. Where S9 treatment was used, cells were also incubated for 
3 hours at 37°C. After the 3 hour incubations, cells were washed 
several times with growth media and then reincubated overnight at 
37°C in fresh growth medium. A separate experiment, using 
sterigmatocystin only, (with and without S9 activation), examined 
the viability of surviving cells at the end of the overnight 
incubation. At this time, the dead cells were washed off and the 
surviving cells were split 1:2 and subcultured in fresh growth 
h · 37°C. · medium for incubation overnig t at 
For cell cycle analvsis, the cells were stained with ethidium 
(Lov)tt et al., 1984) -
bromideAbefore-scraping qff the petri-dish using a plastic spatula 
and washing into a 20 ml Universal bottle. They were treated with 
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0.25 ml of RNA-ase (10 mg/ml) before analysis in the 
cytofluorimeter. During analysis, the cell membranes are disrupted 
and the DNA content per cell nucleus is determined. Thus, if any 
multi-nucleated cells were present, they would not be 
distinguishable whereas individual 'giant' cells would be shown to 
contain a larger than normal DNA content per nucleus. 
4.2.3 Extraction procedures for toxins in model systems 
Materials 
TLC plates - silica gel, aluminium backed (Merck 5553) BDH 
Spray reagent - 25% H2so4 in MeOH. Aluminium chloride - 20% w/v 
in ethanol:water (1:1). 
Method 
Aflatoxin B1 and sterigmatocystin, prepared in DMSO, were 
incubated in 10 m1 of cell growth medium, containing 2 mls of S9 
preparation (diluted with microsomal activation mix) for 3 hours or 
0 24 hrs at 37 C. The toxins were incubated also in the growth 
medium, minus the S9 preparation, and an S9 preparation in growth 
medium, minus the toxin, acted as a blank control. At the end of 
the incubation time, the samples were extracted with several 
portions of chloroform. The chloroform extracts were evaporated to 
dryness and reconstituted in 200 ul of chloroform - 10 pl being used 
for -TLC. For TLC examination, the aflatoxin B1 extracts were 
developed in chloroform/acetone 9:1. The sterigmatocystin extracts 
were developed in toTuP-nP.:ethvl ｡｣･ｴ｡ｴ･Ｚｦｯｲｭｩ｣ ｟ ［Ｚｵ Ｚ ｾｩ､＠ (5:4:1) or 
ｾｮ､＠ in combination for two-dimensional ｳｴｵ､ｩ･ｾ＠
(2:6:2Xand examined before and after spraying-with various 
reagents. After treatment with aluminium chloride, the plates were 
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0 heated at 100 C for 5 mins for visualization. 
4.2.4 Extraction of toxins from cell preparations 
Materials 
LDC Spectromonitor D, UV detector - wavelength 325 nm 
Partisil 5 urn ODS column (250 x 4.9 mm) Hichrom 
Mobile Phase: H20:MeOH:MeCN (6:2:2) 
Flow Rate: 1.0 ml/min 
Trio Integrator (TriVector) 
Methods 
The cells were incubated with aflatoxin B1 or sterigmatocystin 
(with and without S9) or with S9 in the absence of toxins for 3 hrs 
at 37°C as described in the previous section. At the end of this 
incubation time, the growth medium was washed off and extracted with 
several portions of chloroform. The chloroform extracts were 
examined by TLC. 
For examination of the cells as well as the surrounding growth 
medium, tests were set upon a larger scale using Leighton tubes 
(Arnold R Harwell) with the capacity for a glass microscope slide 
(Chance Propper Ltd) and 10 ml volume of medium. In this case 200 
pl of toxin (equivalent to 20 pg/ml as in the previous experiments) 
was added, plus 1 ml or· 5 ml of the 89 preparation. Controls of 
·-
toxin without S9 and S9 without toxin were also prepared • . After 3 
hours incubation at 37°C, the growth medium was washed off and 
extracted with chloroform. The cells were reincubated overnight at 
37°C. The cells were sonicated to disrupt them before extraction 
with chloroform. Any cells which had detached from the slide were 
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centrifuged (2,000 r.p.m. for 15 min) to deposit them, before 
extraction. Thus, the·amount of toxin absorbed by the cells could 
be determined. 
Further experiments with sterigmatocystin, compared 3 h and 24 h 
contact of cells with the toxin before extraction as above. This 
was also compared with the extracts produced after 3 h and 24 h 
incubation of sterigmatocystin without cell preparations. The 
effect of reducing the pH to 1.5 with perchloric acid before 
chloroform extraction was performed to see if any bound toxin 'fas 
released during this procedure. 
Some sterigmatocystin extracts were also examined by HPLC - using 
the conditions described. 
4.3 Results 
4.3.1 Standardization of microsome · (s9) preparations 
Active microsome preparations showed an absorption maximum 
at 450 nm, after complexing the ｲ･､ｵ｣ｾ､＠ form with carbon monoxide. 
Inactive preparations showed a shift in absorption, having a maximum 
of 420 nm, instead of 450 nm. Such preparations were unable to 
metabolise the toxins and were ineffective in the cell assays. A 
comparison of the spectra produced by active and inactive microsome 
preparations is shown in Fig. ＴＮＲｾ＠ It was therefore possible to 
check the activity of the S9 preparations before they were included 
in the cell tests. 
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4.3.2 The effect of microsome (S9) preparations on the toxicity of 
some mycotoxins to cell lines 
The mycotoxins tested in this study were aflatoxin B1 and 
G1 , sterigmatocystin and ochratoxin A. Initial studies were 
carried out using aflatoxin B1 and G1 and the effect of rat 
liver S9, prepared from animals pretreated with Aroclor 1254, on the 
toxins was examined. 
Table 4.1 shows the effects of the S9 preparation on the sensitivity 
of rat liver and BHK cells to aflatoxins. A slight effect was found 
in both BHK and rat liver cells from 20 pg aflatoxin B1 in the 
absence of S9, but the effect could only be seen after 2 days 
incubation at 37°C. After 1 day incubation at 37°C with 20 pg 
aflatoxin B1 plus S9, complete death of rat liver cells had 
occurred. The effect on BHK cells was not as pronounced, with 
approximately 50% death of cells occurring. This was, however, an 
increased toxicity compared with aflatoxin B1 without added S9. 
Aflatoxin G1 also proved to be more toxic to cells when added 
together with S9. The effect was again more pronounced with the rat 
liver cells. 
Aflatoxin B1 is metabolically activated by the cytochrome 
P-450-dependent mixed function oxidase system (Garner et al., 1972; 
Metcalfe & Neal, 1983 b; Plummer et al., 1986). It is reported to 
'be metabolised to different products depending on. the species of 
cytochrome P-450 catalysing the reaction. Different patterns of 
metabolites are observed when in vitro incubations of aflatoxin B1 
_are carried out in the presence ｾｦ＠ either hepatic microsomes 
isolated from different animal species, or microsomes from the same 
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Table 4.1 
The effect of a microsomal activation mix on the sensitivity of 
cells to aflatoxins 
Concentration of Addition Effect* on 
toxin Cpg/ml) in 
the test system 
Untreated control 
Solvent control 
Solvent control 
Aflatoxin Bl 20 
Aflatoxin B1 20 
Aflatoxin B1 2 
Aflatoxin B1 2 
Aflatoxin G1 20 
Aflatoxin G1 20 
Aflatoxin Gl 2 
Aflatoxin G1 2 
of S9 BHK cells 
+ 
+ 
+ (++) 
+ (++/+) 
+ 
+ +1-
+ ++ 
* Toxic effects as described previously (2.2.2) 
( ) Denotes overnight effect 
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Rat Liver 
cells 
+ 
(+++) 
(+++/++) 
+ 
+++/+t-
+++/-H-
--------- --------------------------; 
species but pre-induced by different substances (Neal, 1987). 
Phenobarbitone is known to induce increased levels of cytochrome 
P-450 and it has been shown that microsomes induced by pre-treatment 
with phenobarbitone result in rapid utilisation of aflatoxin B • 
1 
(Metcalfe and Neal, 1983 a; Metcalfe et al., 1981). 
Further studies were carried out using rat liver S9 which had been 
prepared after pretreatment of the animals with phenobarbitone. The 
effect of such preparations on the toxicity of aflatoxin B1 , 
ochratoxin A and sterigmatocystin is shown in Table 4.2. 
The S9 preparation greatly enhanced the toxicity of aflatoxin B1 
and sterigmatocystin. The effect was greater in rat liver cells 
than in the BHK cells with both toxins. The S9 from phenobarbitone 
pretreated animals was more efficient in enhancing the toxicity of 
aflatoxin B1 , especially in the case of the BHK cells, than was 
the S9 from Aroclor pretreated animals. Thus further studies were 
carried out using phenobarbitone pretreated S9 preparations. 
The difference in the activity of the S9 preparations could be due 
in some part to the fact that Aroclor induces the formation of 
cytochromes P-448 and P-450, whilst phenobarbitone induces enhanced 
levels of cytochrome P-450. As the metabolism of aflatoxin B1 
largely depends on the presence of cytochrome P-450-linked enzyme 
systems, the latter preparation may be more efficient in 
. . 
metabolizing the toxins. 
The toxicity of ochratoxin A was not enhanced by the addition of 89, 
but, in fact, was reduced. These results were not unexpected for 
two reasons. Firstly, ochratoxin A is not considered to need 
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Table 4.2 
The effect of a microsomal activation mix (phenobarbitone 
pretreatment) on the sensitivity of cells to some mycotoxins 
Concentration of Addition 
of S9 
Effect* on 
toxin (pg/ml) in 
the test system 
Solvent Control 
Aflatoxin Bl 20 
Aflatoxin B1 20 
Aflatoxin Bl 2 
Aflatoxin Bl 2 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Ochratoxin A 20 
Ochratoxin A 20 
BHK cells 
+ 
+ (-H-+) 
+ (-H-) 
20 + 
20 + (+-H-) 
2 
2 + (-H-) 
-H-+/++ 
+ + 
* Toxic effects as described previously (2.2.2) 
( ) Denotes overnight effect 
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Rat Liver 
cells 
(-H+) 
(-H+/-H-) 
(+H-) 
(+H-) 
-H-
+ 
activation to express toxicity and is therefore toxic to cells 
without the presence of S9 preparations. Secondly, metabolism of 
ochratoxin A results in detoxificiation. This was found in 
experiments with rumen protozoa by Kiessling et al. (1984) and in 
primary cultures of rat hepatocytes (Hansen et al., 1982). Note 
that the primary cultures will retain metabolizing enzymes not 
present in the established cell lines of rat liver and BHK cells 
used in the present study. 
Thus the experiments using the S9 preparations produced the expected 
effects on metabolism of the mycotoxins aflatoxin B1 , 
sterigmatocystin and ochratoxin A. Further work was carried out to 
investigate the metabolites of aflatoxin B1 and sterigmatocystin 
(see 4.3.5). 
The effect of quail microsomes on the toxicity of aflatoxin B1 and 
sterigmatocystin to cell lines was also investigated. Microsomes 
from the livers of quail are able to catalyse a rapid rate of 
aflatoxin B1 metabolism, almost exclusively via epoxidation. They 
are also unable to deactivate the reactive intermediate by 
conjugation with glutathione (O'Brien et al., 1983). The results of 
studies with quail microsomes are shown in Table 4.3. 
It has been reported by o•Brien et al., (1983) that quail microsomes 
can metabolize approximately 50% of the aflatoxin B1 present in. 
the incubation mi.xture._within 30 minute·s. ｔｨｵｾＬ＠ an incubation time 
of 1 h was tested as well as incubation for 3 h previously used. 
The incubation time had no effect on the toxicity of aflatoxin B1 
154 
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Table 4.3 
The effect of quail microsomes on the sensitivity of cells to 
aflatoxin B1 and sterigmatocystin 
Concentration of 
toxin (pg/ml) in 
the test system 
Aflatoxin Bl 20 
Aflatoxin B1 20 
Aflatoxin Bl 20 
Aflatoxin B1 2 
Aflatoxin B1 2 
Aflatoxin B1 2 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Sterigmatocystin 
Solvent Control 
20 
20 
20 
2 
2 
2 
Addition 
of quail 
microsomes* 
+(1) 
+(3) 
. +(1) 
+(3) 
+(1) 
+(3) 
+(1) 
+(3) 
+ 
Effect on 
BHK cells 
-1++ 
+t+ 
-1++/-H-
-1++/++ 
+ 
++ 
+++/++ 
+ 
++/+ 
Rat Liver 
cells 
+ 
+I+ 
+H-
+++/++ 
+++/++ 
+f-
-1++/++ 
+ 
++ 
* ( ) Denotes incubation time in hours of the microsome preparation 
before washing cells and reincubating · in fresh growth . medium. 
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to cell lines - the shorter incubation time was sufficient. 
However, the time did affect the toxicity of sterigmatocystin. A 
slightly increased toxicity was apparent with the longer incubation 
time. The toxicity of aflatoxin B1 incubated with microsome 
preparations from phenobarbitone pretreated rats (Table 4.2) and 
quail microsomes (Table 4.3) was comparable. The quail microsomes 
did not enhance the toxicity of sterigmatocystin as efficiently as 
the rat microsomes. 
Although the quail microsomes rapidly induced the metabolism of 
｡ｦｾ｡ｴｯｸｩｮ＠ B1 , in less than 1 hour, this did not appear to be a 
sufficient incubation time for sterigmatocystin metabolism. The 
indications were that a longer incubation time induced the toxicity 
of sterigmatocystin and hence its metabolism. The systems involved 
in the metabolism of these toxins are complex, as emphasised by the 
isolation and characterization of eight immunologically distinct 
species of cytochrome P-450 from the livers of rats treated with 
phenobarbitone orP-naphthoflavone, each with distinct substrate 
specificities (Guengerich et al., 1982). This may account for the 
differences in metabolism of sterigmatocystin (as assessed by 
toxicity to cell lines) produced by rat liver microsomes and quail 
microsomes. 
4.3.3 The effect of mycotoxins on the DNA content of cells and the 
cell cycle ｾ＠ as measured by flow cytometry 
The cell cycle can oe divided into three stages: (1) The 
first gap phase (Gl) during which only RNA and protein are 
ｳｹｮｾｨ･ｳｩｺ･ｦｴ＠ (2) the ｄｎｾ＠ synthetic phase (S) and (3) the second gap 
phase (G2) between the synthetic phase and the beginning of mitosis 
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when only RNA and protein are synthesized. Cells undergoing 
frequent cell division have a shorter Gl phase than those cells 
which divide infrequently. The time sequence of cell division is 
shown in Fig. 4.3. 
Fig. '4.3 
Prophase 
ｾ＠ ｍ･ｴｯｰｨｯｾ･＠
Ｑ［ｾ＠ t--.: Anaphas;e 
Ｐ Ｍｳ＾ｾ＠ Jelopl-nse 
A DIAGRAM. ILLUSTRATING "THE. TIME . SEQUENCE OF STAGES IN THE CELL CYCLE 
AND MITOSIS 
The percentage of cells in each stage of the cell cycle can be 
measured using flow cytometry. This can distinguish GO/Gl cells 
with 2C DNA, G2 and M cells with 4C DNA and S phase cells with a 
variable amount of DNA ranging from 2C to 4C. The cell cycle of ·a 
normal population of rat liver cells is shown in Fig. 4.4. 
(GO cells are resting cells and M cells are mitotic cells) 
It can be seen that immediately after subculture, the majority of 
cells are in the Gl phase, with 2C DNA. At 16 h after subculture 
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Fig. 4.4 
DNA HISTOGRAM SHOWING CONTROL POPULATION OF RAT LIVER CELLS, 0-24 HR 
AFTER SUBCULTURE 
1 3 
2 
4 
6 
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1 0 HR 
2 L. HR 
3 8 HR 
4 16 HR 
5 21 HR 
6 24 HR 
DNA synthesis occurs, and at 21-24 h, a population of G2 cells is 
apparent, with 4C DNA. 
The effect of T-2 toxin on both BHK and rat liver cells can be 
demonstrated by examining the DNA fluorescence histograms produced 
using flow cytometry. It was found that the rat liver cells were 
more sensitive to T-2 toxin than the BHK cells. After overnight 
incubation with 25 ng T-2 toxin, a normal DNA histogram was shown by 
BHK cells (Fig. 4.5). The rat liver cells, however, were affected 
by 25 ng T-2 toxin. The histogram showed fewer cells in the G1 
phase, and also cell death - as shown by cells with fragments of DNA 
appearing before the G1 peak. An uneven distribution of cells in 
the DNA synthetic ｰｾ｡ｳ･＠ suggested that the cells were dying during 
DNA synthesis. (Fig. 4.6) 
The BHK cells were more sensitive to T-2 toxin when the incubation 
time was increased to 5 days. With the extra incubation time, a 
toxic effect was demonstrated by BHK cells with the presence of 25 
ng T-2 toxin. Death of cells was demonstrated by fragments of DNA 
appearing before the G1 peak. There were also few cells, compared 
with the control, in the G2 phase of the cycle, suggesting that 
DNA synthesis had been inhibited (Fig. 4.7). 
The rat liver cells showed a similar response to T-2 toxin, 
regardless of the incubation time. 
The effect of aflatoxin B1 on the cell cycle of rat liver cells 
and BHK cells ｾｳ＠ shown in Figs 4.8 and 4.9. As demonstrated also by 
the microscopical examination of the cells (Table 4.2) the toxin 
needed metabolic activation, with S9 preparations, in order to 
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Fig. 4.5 
DNA HISTOGRAM OF BHK CELLS EXPOSED TO 25 ng T-2 TOXIN 
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DNA HISTOGRAM OF RAT LIVER CELLS EXPOSED TO 25 ng T-2 TOXIN 
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Fig. 4.7 
DNA HISTOGRAMS COMPARING 5 DAY CONTROL BHK CELLS WITH T-2 TOXIN (25 
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produce toxic effects in the cells and this effect was more 
pronounced in the rat liver cells. 
During the cell cycle analysis procedure, the dead cells had been 
washed off and only surviving cells (i.e. those still attached to 
the petri-dish surface) were analysed. The figures show that 
surviving BHK cells are only moderately affected, with some death 
apparent in the DNA synthesis phase, but a reasonable number of 
cells reaching G2 phase. The rat liver cells were greatly affected, 
with few G2 phase cells, and less cells in Gl phase. Both the BID< 
and rat liver cells showed a normal DNA histogram with the 89 
preparation alone and with the toxin without S9 activation. 
The effect of sterigmatocystin on the cell cycle of rat liver cells 
and BHK cells is shown in Figs 4.10 and 4.11. The results were 
comparable to those found with aflatoxin B1 , in that rat liver 
cells were more sensitive to toxic effects than BHK cells, and S9 
activation was required for the toxicity. 
The viability of "surviving" cells after treatment with 
sterigmatocystin was examined. The surviving cells were described 
as those which remained attached to the surface of the test vehicle 
(i.e. petri-dish, coverslip etc.) and appeared normal 
microscopically after staining with haematoxylin and eosin. After 
subculture and reincubation ｯｶ･ｲｾｩｧｨｴＬ＠ the cells were examined by 
ｾｩｧｨｴ＠ microscopy and flow cytometry_ Cells exposed to 89 
preparations only are shown in Plate 4.1. Cells exposed to 
sterigmatocystin are shown in Plate 4.2 and those exposed to 
sterigmatocystin plus S9_ are shown in ｐｬ｡ｴｾ＠ 4.3. It can be seen 
that ｐｬ｡ｴｾｳ＠ 4.1 and 4.2 show a normal cell population, whilst Plate 
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Fig. 4.10 
QNA HISTOGRAM OF RAT LIVER CELLS EXPOSED TO 2 pg STERIGMATOCYSTIN 
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4.3 shows complete cell death. Before subculture, some areas of 
cell growth were apparent as shown in Plate 4.4. 
The DNA histograms produced by flow cytometry confirmed that rat 
liver cells exposed to 200 ng activated sterigmatocystin did not 
survive subculture. The cell count was low, with no cells reaching 
the G2 phase. No effect was caused to the cells by 20 ng activated 
sterigmatocystin, the limit of sensitivity, to this toxin is 
therefore between 20 and 200 ng. Examples of the histograms are 
shown in Fig. 4.12. 
Flow cytometry did not increase the sensitivity of bioassays using 
animal cells because toxic effects could also be observed by light 
microscopy. However, it did provide information about the effects 
of the toxins on DNA synthesis. 
4.3.4 The production of metabolites of aflatoxin ·B1 and 
sterigmatocystin in model ·systems 
As reported earlier in this chapter, aflatoxin B1 and 
sterigmatocystin are virtually inactive in cell toxicity tests 
unless activated by liver microsome preparations. This suggests 
that metabolism of the toxins is required to produce a reactive 
intermediate. Metabolism of aflatoxin B1 by liver microsomes has 
been reported by Neal and Colley (1978). They found the principle 
metabolites to be aflatoxin M1 , Q1 and a degradation product of 
aflatoxin B1 2,3-dihydrodiol. Similar -studies were carried out by 
Metcalfe & Neal (1983 a) and Metcalfe et al., (1981). 
In contrast to the many studies on aflatoxins B1 , very little data 
is avallable on ｴｨｾ＠ metabolism of· sterigmatocystin. It has been 
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Fig. 4.12 
DNA HISTOGRAM SHOWING THE VIABILITY OF SURVIVING RAT LIVER CELLS 
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shown that a large portion of the dose administered to monkeys is 
converted to a sterigmatocystin-glucuronide (Steyn & Thiel 1976) and 
that metabolic activation is required for mutagenicity of 
sterigmatocystin in bacteria and some cultured cells (Kuczuk et al., 
1978; Stich and Laishes, 1975; Noda et al., 1981). Work by 
Essigmann et al., 1979, demonstrated that sterigmatocystin is 
metabolically activated to an epoxide that binds to DNA to form a 
7 
major adduct, 1,2-dihydro-2(N -guanyl)-1-hydroxysterigmatocystin. 
Earlier work by Essigmann et al., (1977), had similarly demonstrated 
that the major product of the interaction of metabolically activated 
aflatoxin B1 and DNA was 2,3-dihydro-2-(N
7
-guanyl) 
-3-hydroxyaflatoxin B1 • 
The present study was designed to examine ｾｾ･＠ production of 
metabolites of aflatoxin B1 and sterigmatocystin. As there is 
published data on aflatoxin B1 metabolites - this toxin was used 
as a model for the sterigmatocystin work. The effect of incubating 
ｾｦｬ｡ｴｯｸｩｮ＠ B1 in growth medium containing S9 preparations (prepared 
from rat liver or quail) for 3 hours is shown in Table 4.4. The 
metabolites visualized under long-wave UV light - after developing 
on TLC plates in chloroform:acetone (9:1) were compared with 
standards of aflatoxin B1 , Q1 , P1 , and M1 • These are also 
illustrated in Plate 4.5. 
Incubat"ion with rat liver microsomes caused metabolism of aflatoxin 
B1 to form aflatoxin P1, Q1 and M1 • Twenty-five percent of this was quantified after dilution of the toxin to extinction. 
the original aflatoxin B1 remained unchangedk Aflatoxin Q1 was 
the major metabolite, with equal amounts of aflatoxin M1 and P1 
also being produced. ａｦｴｾｲ＠ incubation with ｴｾ･＠ quail microsomes, 
50% of the aflatoxin B1 remained unchanged, with aflatoxin Q1 
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being the major metabolite. A small amount of aflatoxin P1 was 
produced. Compared with the rat liver microsome extracts there was 
a large amount of blue fluorescence in the quail microsome extracts 
which remained on the origin. This was presumably due to polar 
metabolites which would be immobile in the developing solvent used. 
The results found for rat liver microsomal metabolism are generally 
in agreement with those found by other workers. Aflatoxin Q1 has 
been shown by Neal and Colley (1978) and Dahms and Gurtoo (1976) to 
be the major metabolite produced from aflatoxin B1 by in vitro rat 
hepatic microsomal metabolism. 
Approximately half as much aflatoxin M1 as Q1 was produced, 
which agrees with work by Dahms & Gurtoo (1976), but not with Neal 
and Colley (1978). The latter workers found 4-5 times as much 
aflatoxin Q1 as M1 was produced using phenobarbitone pretreated 
rat liver microsome preparations. Aflatoxin P1 was a minor 
metabiite in these experiments and this was also found by the above 
workers. 
The results found for the quail microsomal metabolism did not agree 
with recent work by Neal et al., (1986). They found that quail 
microsomes catalysed exclusively the formation of aflatoxin 
B1-dihydrodiol - suggesting that epoxidation was the major 
aflatoxin B1-metabolizing pathway. No aflatoxin Q1 or P1 was 
dete-cted by these-workers. In the present study, aflatoxin Q1 was 
a major metabolite, with the production of polar metabolites, not 
prominent in the rat microsomal metabolism extracts. Aflatoxin B1 
2,3-dihydrodiol binds to microsomal protein and may not be detected 
in organic solvent extracts. However, it degrades in neutral 
Tris/HCl buffer to form a highly fluorescent reaction product which 
169 
. .. -- . ---------------------; 
Table 4.4 
TLC examination of metabolites of aflatoxin B1 
Compound 
Rf 
Aflatoxin B1 0.52 
Blue/violet 
Aflatoxin Q1 0.37 
Green 
Aflatoxin M1 0.28 
Blue 
Aflatoxin P1 0.19 
Yellow/Green 
Test - Colour and Rf of compounds 
Aflatoxin B1 Aflatoxin B1 
+ rat microsomes + quail microsomes 
Blue 0.52 Blue 0.52 
Green 0.37 Green 0.37 
Blue 0.28 
Yellow/Green 0.19 Yellow/Green 0.19 
Blue 0.8 Blue 0.8 
Blue 0.62 Blue 0.62 
Blue 0.16 Blue 0.16 
Blue 0 
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can be assayed. Further work to identify the polar metabolites was 
not carried out in the present study. 
The effect of incubating sterigmatocystin in growth medium 
containing S9 preparations (prepared from rat liver or quail) for 3 
hours is shown in Table 4.5. After incubation with the rat liver 
microsomes, 21% of sterigmatocystin was recovered unchanged (96-100% 
of the toxin was recoverable from medium without S9 preparations). 
Sterigmatocystin appears as a dull brick-red spot under long-wave UV 
light at high concentrations ( 200 ng). It can be derivatized by 
spraying with sulphuric acid or aluminium chloride which produces a 
more fluorescent yellow colour (under UV light). After metabolism 
with rat liver microsomes, sterigmatocystin was just visible under 
UV light, together with a blue fluorescent metabolite. After 
sulphuric acid treatment, the sterigmatocystin appeared as a yellow 
colour, together with three other yellow compounds, presumably more 
polar metabolites, at lower Rf. The production of these 
metabolites has been shown to be consistent and reproducible. 
The quail microsomes had no effect on the metabolism of 
sterigmatocystin. Together with the results produced by these 
microsomes on aflatoxin B1 metabolism, this led to the supposition 
that the microsomes were not as active on this occasion, as reported 
in the literature. 
However, a ··different preparation of the microsomes had ·been shown to 
be effective in activating- the toxins in cell tests (Table 4.3). 
The quail microsomes are therefore capable of activating aflatoxin 
B1 .and sterigmatocystin but obviously need to be maintained in a 
stable condition. These microsomes were not readily available, and 
further studies were carried out using liver microsomes from 
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Table 4.5 
TLC examination of mebabolites of sterigmatocystin 
Compound 
Rf 
Sterigmatocystin 0.75 
Brick-red 
After H2so4 
treatment 
Sterigmatocystin 0.75 
Yellow 
Test - Colour and Rf of compounds 
Sterigmatocystin 
+ rat microsomes 
Brick-red 0.75 
Yellow 0.75 
Blue 0.32 
Yellow 0.28 
Yellow 0.19 
Yellow 0.11 
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Sterigmatocystin 
+ quail microsomes 
Brick-red 0.75 
Yellow 0.75 
phenobarbitone pretreated rats. In both cases, no further changes 
in metabolites were found on increasing the incubation time to 24 
hours, suggesting that the metabolism is complete within the first 3 
hours. 
4.3.5 Extraction of aflatoxin B1 and sterigmatocystin 
metabolites from cell preparations exposed to these toxins 
The effect of rat liver microsomes in the activation of 
toxins was achieved within 3 hours incubation time as shown in the 
cells tests (4.3.2). A comparison of the effect on cells and on 
toxin metabolism was achieved by extraction of the cell growth media 
after the 3 hour incubation time. The cells were reincubated in 
fresh growth medium for 24 hours at 37°C before visual 
assessment. The effects on rat liver cells and BHK cells and the 
metabolism of aflatoxin B1 and sterigmatocystin are shown in 
Tables 4.6 and 4.7. 
Aflatoxin B1 was metabolised to form aflatoxin Q1 and P1 , plus 
a more polar metabolite. These results correspond to those found in 
model systems and were paralleled with a toxic effect in the cell 
tests. Sterigmatocystin was metabolised to form three more polar 
yellow metabolites and one blue metabolite. The other spots 
visualized were present also in either the S9 control or the toxin 
minus S9. These metabolites had a different Rf to those found 
previously, but as- the toxin also had a different Rf these were 
probably due to differences in preparation of the TLC developing 
solvent. The production of metabolites also paralleled toxicity to 
cells. 
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Table 4.6 
TLC examination of metabolites of afiatoxin B1 and the effects of 
the metabolised toxin on cells 
Test 
S9 Control 
Aflatoxin B1 
2 pg 
Aflatoxin Bl 
2- pg + S9 
Effect on 
BHK 
Cells 
+/-
Rat Liver 
Cells 
+1-
174 
Compound Colour 
0.51 Blue 
Afla Bl 0.51 Blue 
(25% 
recovery) 
Afla Q1 0.36 Green 
0.17 Green 
0.08 Blue _ 
Table 4.7 
TLC examination of metabolites of sterigmatocystin and the effects of the 
metabolised toxin on cells 
Test Effect on 
BHK Rat Liver 
Cells Cells 
S9 Control +1-
Sterigmatocystin +/-
2 pg 
Sterigmatocystin ++ 
2 pg + S9 
+I-
+++ 
TLC 
Compound Rf Colour 
0.53 NV 
after 
H2so4 
Blue 
Sterigmatocystin 0. 6 Red Yellmv 
0.27 Yellow 
0.66 NV Blue 
Sterigmatocystin 0.6 NV Yellow 
(20% recovery) 0.27 Yellow 
0.20 Blue. Blue 
0.66 NV Blue 
0.53 NV Blue 
0.44 NV ｙｾｬｬｯｷ＠
0.38 NV Yellow 
NV Not visible before spraying with H2so4• 
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As the effect in cell tests was produced after only 3 hours exposure 
to the toxin, after which time the toxin was washed off, it would 
seem reasonable to suppose that the cells had absorbed the toxin, or 
its metabolites within 3 hours. To check this point the cells were 
also extracted. Preliminary tests could not identify any toxin or 
metabolites in the cells, possibly because the concentrations 
present were too low. The tests were repeated using a larger scale 
test system and ten times the concentration of toxin. 
The recovery of aflatoxin B1 and metabolites from BHK cells is 
shown in Table 4.8. It can be seen that the majority of unchanged 
aflatoxin B1 was recovered from the cell media (washed off after 3 
hours). Approximately 3% of unchanged aflat"oxin B1 was recovered 
from the cells in tests without 89. This had no effect on the 
cells, which appeared normal before extraction. Ten times less 
unchanged aflatoxin B1 was recovered from the cells in tests with 
89 - the cells were mostly dead. 
The metabolites visualized corresponded to aflatoxin Q1 , P1 and 
M1 - as seen also in the cell-free systems. They were present in 
both the cells and the growth media, but only a low concentration 
was present in the cells. As less than 100% aflatoxin B1 was 
recovered from the tests (minus 89 preparations) it would appear 
that some binding of the toxin within the cell preparations has 
occurred. When 89 was present the recovery of unchanged aflatoxin 
B1 was halved - presumably due to increased formation of metabolic 
products. 
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Table 4.8 
The recovery of aflatoxin B1 and its metabolites from BIDC cells 
Treatment 
S9 Control 
Aflatoxin B1 
Aflatoxin B1 
+ S9 
% Aflatoxin B1 
in 
% 
total 
Metabolites * 
visualised by 
Cells Medium recovery TLC 
ND ND 
3.25 70 
0.3 34.15 
73.25 
34.45 
Rf Colour 
ND 
0.52 
0.52 
0.37 
Blue 
Blue 
Green 
0.28 Blue 
0.20 Green 
* Metabolites were visualised in both the cells and the growth 
medium. 
ND = Not detected 
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The recovery of sterigmatocystin and metabolites from rat liver 
cells (more sensitive to the toxin than the BHK cells) is shown in 
Table 4.9. 
The range of results shown in Table 4.9 represent the results found 
by repeating the experiment on several occasions. Again, low 
recoveries of the toxin were found when S9 was not present, 
suggesting binding of the toxin. (Approximately 100% of the toxin 
could be recovered from cell-free preparations). An average of 15% 
of the unchanged sterigmatocystin was recovered from the cells -
this had no effect on cell growth. The .. recovery of unchanged toxin 
from tests involving the inclusion of S9, depended on the ratio of 
S9 to grow.th medium. The higher concentrations of S9 resulted in a 
lower recovery of unchanged toxin as well as an increase of 
metabolites visualized. 
The effect of incubation time on the recovery of sterigmatocystin 
was assessed by examining cells and growth media after incubation 
for 3 hours or 24 hours. The results are shown in Table 4.10. A 
totally different picture is presented by 3 hour and 24 hour 
incubations of the toxin. After 3 hours incubation, a small 
proportion of sterigmatocystin had been absorbed into the cell, 
(26%) and a larger concentration, (40%) remained in the growth 
medium. With the presence of S9, even less toxin was recovered 
(unchanged) from the cell and the overall recovery of unchanged 
toxin was lower. After 24 hours incubation, very little toxin 
ｲ･ｭ｡ｾｮ･､＠ in the growth medium, (3%) the majority being absorbed into 
the cell (67%). Again, in the presence of S9, less toxin was 
recovered (unchanged) from the cell and the overall recovery of 
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Table 4.9 
The recovery of sterigmatocystin and its metabolites from rat liver cells 
Treatment % Sterigmatocystin % Metabolites + 
in total visualised by 
S9 Control 
Sterigmatocystin 
Sterigmatocystin 
+ S9* 1:2 
1:5 
1:10 
Cells 
ND 
14.5-
17.0 
5-6 
2.4-4.0 
3.3-3.7 
Medium 
ND 
34-45 
25-29 
33-37 
47-51 
recovery 
49-62 
30-35 
36-41 
50-54 
+ Visible only in cell medium, not in cell extracts 
ND = Not detected 
* Ratio of S9:medium 
++ Not visible in tests with S9 ratio 1:5 and 1:10 
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TLC 
Rf Colour 
ND 
0.75 Yellow 
0.75 Yellow 
0.80++ Yellow 
0.53++ Yellow 
0.15 Yellow 
Table 4.10 
The recovery of sterigmatocystin and its metabolites from rat liver 
cells; the effect of incubation time 
Treatment % Sterigmatocystin % Metabolites 
and incubation in total visualised by 
time (hr) Cells Medium recovery TLC+ 
Rf Colour 
S9 Control (3) ND ND ND 
S9 Control (24) ND ND ND 
Sterigmatocystin (3) 28 39.2 67.2 0.92 Yellow 
(26.4) (60.3)- (86.7) 
Sterigmatocystin (24) 67 3 70 0.92 Yellow 
Sterigmatocystin (3) 0.92 Faint 
yellow 
+ S9* 1:2 9.1 8.6 17.7 0.73 Yellow 
(7.5) (43.6) (51.1) 0.15 Yellow 
0 Yellow 
Sterigmatocystin (24) 0.92 Faint 
yellow 
+ S9* 1:2 21 1 21 0.8-f+ Yellow 
0.73 Y_ellow 
1:10 77 3 80 0.53-f+ Yellow 
0.15 Yellow 
+ TLC run in T:E:F (2:6:2) 
++ Present in medium extracts only from 1:2 ratio of S9 
* Ratio of S9:Medium 
( ) Recoveries of toxin obtained after acid-ification of cells and 
medium before extraction 
NJ) Not ｣ｬ･ｴ･､ｾ､＠
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unchanged toxin was lower. In identical ｰｲ･ｰ｡ｲ｡ｴｩｯｾｳ＠ without cells, 
the recovery of sterigmatocystin was similar in the present of S9 
ｰｾ･ｰ｡ｲ｡ｴｩｯｮｳ＠ (21-22%), but 96-100% of the toxin was recovered from 3 
h and 24 h incubations in which S9 was absent. 
The range of metabolites found in the sterigmatocystin plus S9 
preparations increased in range and concentration (as .assessed by 
intensity of colour by TLC) with increasing amounts of S9. These 
could not be accounted for in the blank S9 extracts. 
It was thought that the low recovery of sterigmatocystin from the 
cell extracts may be due to binding of the toxin; this was checked 
by acidifying the cells and medium before extraction. These results 
are also shown in Table 4.10. Acidifying the medium did help to 
increase the recovery of sterigmatocystin from 67 to 87% (minus S9) 
and from 18 to 51% (plus S9). The recovery of unchanged toxin from 
acid extracts was more pronounced with the presence of S9, 
suggesting that more binding had occurred if the enzyme preparation 
was included. 
Further examinat:im of the .metabolites involved analysis by 
two-dimensional TLC and reverse phase HPLC. The metabolites 
visualised by TLC, after spraying with H2so4 , are represented in 
Fig. 4.13. 
The more polar metabolites (showing a lower Rf by TLC) ｷｾｵｬ､＠ be 
expected to have a shorter retention time than sterigmatocystin by 
reverse phase HPLC. This was found to be the case. Fewer 
metabolites were apparent by HPLC; this was not surprising as -the 
running conditions were totally different to the TLC, and the 
metabolites may have been retained on the HPLC column. Examination 
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Fig. 4.13 
TLC EXAMINATION OF STE&IGMATOCYSTIN METABOLITES 
4liD> Sterig 
@ ｾｾ＠ ® Yellow Blue 4i> <fi> @ 
Also 1n S9 <P ¢> extracts 
41> ｾ＠ . Als-o in sterig 
extracts minus 
• S9 
• 
Black - only in 
acid extracts 
of extracts by HPLC after exposure to S9 for 0-180 min, showed that 
the metabolites were not visible at time 0, but were apparent after 
30 min. No change in the production of metabolites was apparent 
after a total of 60 and 90 min. However, after 180 min. exposure 
(equivalent to the cells exposure time) an extra metabolite was 
visible -with less polar characteristics - i.e. closer to the 
retention time of sterigmatocystin. This corresponded with a 
decrease in area of one of the more polar metabolites. Examples are 
shown in Fig. 4.14. 
Acid extraction increased the number of metabolites seen by HPLC. 
These are shown in Fig! 4.15. 
The metabolism of sterigmatocystin is undoubtedly a complicated 
process which has not been thoroughly investigated by other 
workers. Although metabolites of the toxin were apparent in thts 
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Fig. 4.14 
HPLC EXAMINATION OF STERIGMATOCYSTIN METABOLITES 
S9 
0 min 
S9 
30min 
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Fig. 4.15 
HPLC EXAMINATION OF STERIGMATOCYSTIN METABOLITES AFTER ACID 
EXTRACTION 
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study, no attempt was made to identify them - the main purpose of 
this work being to increase the sensitivity of the bioassay systems 
to toxins. The work has proved that _sterigmatocystin and aflatoxin 
B1 are relatively non-toxic to cells until metabolized by 
microsomal enzyme systems. The rat liver cells were able to absorb 
more than 50% of the unmetabolized sterigmatocystin added, without 
any toxic effect. In the presence of S9, less unmetabolized toxin 
was recovered from the cells, but complete cell death had occurred. 
This suggested that the metabolism had produced a very toxic 
compound compared with the parent compound. 
4.4 Discussion 
This work has shown that inclusion of microsomal enzyme 
preparations in tests involving established cell lines can simulate 
some effects produced in animals or primary cells. The enzymes did 
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not enhance the toxicity of ochratoxin A, but rather produced a 
protective effect. This is in keeping with metabolism of this toxin 
to the less toxic compound 4-Hydroxyochratoxin A noted both in rats 
(Storen et al., 1982), primary cells (Hansen et al., 1982) and by 
liver microsomes from various species (Stormer et al., 1981). 
The metabolism of aflatoxin B1 in animals results in the 
production of two metabolites which are reactive towards cellular 
macromolecules. One is the formation of a dialdehydic phenolate ion 
at neutral pH from aflatoxin B1 dihydrodiol. This metabolite is 
capable of Schiff base formation with primary amines which results 
in binding of metabolised aflatoxin B1 to proteins. A major 
portion of the protein binding of aflatoxin B1 proceeds via this 
reaction (Ueno et al., 1980). The relative rates of metabolism by 
different microsomal preparations and the total amounts of aflatoxin 
B1 dihydrodiol produced parallels the different susceptibilities 
of animals to the acutely toxic actions of aflatoxin B1 in vivo 
.(Neal et al., 1981). For example, chicken liver and quail 
microsomes showed the highest rate of metabolism of aflatoxin B1 , 
producing almost exclusively aflatoxin B1 dihydrodiol. These two 
species are extremely sensitive to the acute toxicity of aflatoxin 
B1 (Neal et al., 1986). In contrast, the mouse is much less 
sensitive to aflatoxin B1 , and mouse microsomes yielded less than 
20% aflatoxin B1 dihydrodiol (Neal et al., 1981). However, the 
ｭｯｵｳ･ ｟ ｾｬｳｯ＠ has a very efficient deactivation process and is able to 
produce large amounts of conjugated aflatoxin B1 which can then be 
excreted (O'Brien et al., 1983). 
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The principle aflatoxin B1 adduct found in DNA shortly after 
reaction with activated aflatoxin B1 in vivo or in vitro is 
2,3-dihydro-2-(guan-7-yl)-3-hydroxyaflatoxin B1 (Essigmann et al., 
1977). A minor pathway for removal of aflatoxin B1 adducts ｦｲｾｭ＠
DNA is via formation of aflatoxin B1-dihydrodiol, leaving an 
unmodified guanine base (Wang & Cerutti, 1980). The in vivo binding 
of aflatoxin B1 to nucleic acids predominates over binding to 
proteins. The formation of DNA adducts competes effectively with 
aflatoxin B1-dihydrodiol formation. 
Different patterns of metabolites are observed when in vitro 
incubations of aflatoxin B1 are carried out in the presence of 
either hepatic microsomes from different animal species, or 
microsomes from the same species pre-induced by administration of 
different . substances (O'Brien et al., 1983; Booth et al., 1981; Neal 
et al., 1981; Neal et al., 1985; Neal et al., 1986; Loury et al., 
1984). In some cases, studies on liver microsomes may not always 
make it possible to predict the metabolism occurring in the whole 
animal. For example, a study in monkeys showed that 60% of the 
aflatoxin B1 detected in the urine was in . the form of conjugated 
aflatoxin P1 (Dalezios & Wogan 1972). However, studies using 
primate liver microsomes did not find aflatoxin P1 to be a major 
metabolite of aflatoxin B1 (Masri et al., 1974). 
In the present study, aflatoxin B1 was metabolised by both rat 
liver and quail microsomes to form products which were toxic to cell 
lines. The ｲ･ｳｵｾｴｳ＠ using rat liver microsomes agreed with work by 
Dahms & Gurtoo (1976); Neal & Colley (1978) and Manson et al., 
(1981) in that aflatoxin Q1 was the major metabolite formed. 
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Aflatoxin Q1 is thought to be part of a detoxification pathway for 
aflatoxin B1 and is less toxic than the parent molecule in the 
Ames mutagenicity test and the chick embryo test (Hsieh et al., 
1974; Gurtoo et al., 1978). It is, however, carcinogenic in the 
rainbow trout (Hendricks et al., 1981) and might be expected to 
behave in a similar manner to aflatoxin B1 , as it retains the C-2 
C-3 double bond in the terminal furan ring. Studies by Rohrig and 
Yourtee (1983) showed that the major metabolite of aflatoxin Q1 
was a water soluble metabolite, the$-D-glucuronide of aflatoxin 
Q1 which is likely to be excreted. 
A large proportion of the aflatoxin B1 , in the present study, was 
unaccounted for after extraction of the toxin from cell tests. In 
tests including rat liver microsomes approximately 30% aflatoxin 
B1 was extracted unchanged. A small proportion could be accounted 
for in the form of metabolites Q1 , P1 and M1 • This is in 
keeping with work by Wei and Hsieh (1985) who were able to account 
for approximately 22% of the aflatoxin B1 added in studies with 
primary cultures of rat hepatocytes. The residual toxin is 
presumably bound to DNA and protein and has also formed water 
soluble conjugates (Neal & Green, 1983; Wei & Hsieh, 1985). Studies 
by Wang & Cerutti, (1979) showed that metabolically active 
epitheloid human lung cells formed DNA adducts on being exposed to 
aflatoxin B1 • They found that 40% of the aflatoxin B1 adduct 
was lost into the medium after ｾＴ＠ h, but the remaining 40% of the 
adduct persisted in the. cells, for several generation times. 
The results found using quail microsomes shnwed the production of 
aflatoxin Q1 and did not agree with that of Neal et al., (1986). 
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They did not detect aflatoxin Q1 and suggested that epoxidation 
was the ｭ｡ｪｯｾ＠ pathway for aflatoxin B1 metabolism using the 
microsomes of this species. Aflatoxin Q1 was the only 
identifiable metabolite produced and a significant amount of polar 
metabolites was produced, compared with the metabolism using rat 
liver microsomes (see Plate 4.5). 
The metabolism was obviously following a different pathway to that 
using rat microsomes and the differences found to the work by Neal 
et al., (1986) could be due to relative inactivity of the quail 
microsomes. The residual unactivated aflatoxin B1 was 
approximately 50% suggesting that metabolism was incomplete. 
In vitro studies using animal microsome preparations can provide 
useful information about toxin metabolism. For example, studies by 
Moss & Neal (1985) showed that human liver metabolized aflatoxin 
B1 rapidly to aflatoxin Q1 and a lesser extent to aflatoxin 
B1-2-3-epoxide in in vitro tests. This would suggest that humans 
are less susceptible to aflatoxin B1 hepatoxicity than other rapid 
metabolizers of aflatoxin B1 , such as quail. However, there was 
also little evidence of the glutathione conjugate production and it 
is possible that any epoxide produced would be likely to undergo 
macromolecular binding rather than detoxification. 
In contrast to the wealth of information available on aflatoxin 
metabolism, such information about sterigmatocystin metabolism is 
limited. Sterigmatocystin is structurally similar to aflatoxin B1 
(see Fig. 4.1) and contains the same C-2, C-3 double bond in the 
termJnal furan ring. It does, however, contain a xanthone moiety in 
place of the coumarin which is present in the aflatoxin B1 
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molecule. Studies by Wong et al., (1977} suggested that the C-2, 
-- , . 
C-3 double bond was essential for mutagenicity, but the coumarin 
structure gave the aflatoxin B1 molecule ten times more toxic 
activity and thus sterigmatocystin is less mutagenic than aflatoxin 
Sterigmatocystin is not mutagenic in Salmonella typhimurium or 
Saccharomyces cerevisiae assays unless activated with rat hepatic 
enzyme preparations (Kuczuk et al., 1978). Studies by Stich and 
Laishes (1975) compared the effects of aflatoxin B1 and 
sterigmatocystin after activation by enzymes from a variety of 
animal species. They found that activation was necessary for both 
toxins before mutagenic effects, such as chromosome aberrations, 
were noted in human cells. The present study has shown that 
activation of sterigmatocystin is necessary to produce acute toxic 
effects in cells. 
In an attempt to identify the structure/activity relationship of the 
toxicity of sterigmatocystin, several workers have examined the 
toxic effects produced by analogues of sterigmatocys.tin (e.g. 
Engelbrecht & Altenkirk, 1972; Kawai et al., 1984; 1986; Mor_i et 
al., 1986). Examples of the analogues used in these studies are 
shown in Fig. 4.16. 
Engelbrecht & Altenkirk (1972) studied the effects of some of these 
molecules on the m.itotic rate and nucleolar changes of ｰｲｩｭ｡ｾｹ＠
kidney epithelial cells of the African green monkey. Such cells 
would be expected to retain the metabolising enzyme systems. They 
found severe toxicity and complete inhibition of mitosis was caused 
by sterigmatocystin and ｏｾｭ･ｴｨｹｬ＠ sterigmatocystin. 
190 
--------------------------------------- -· -· -- ... 
Fig. 4.16 
CHEMICAL STRUCTURES OF STERIGMATOCYSTIN AND SOME STRUCTURAL ANALOGUES 
A ｏｾｏｈ＠
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Demethyldihydro-
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Demethylsterigmatocystin was less toxic. These compounds contain a 
common unsaturated dihydrodifuran moiety, but 
demethylsterigmatocystin lacks the methoxy group at c6 • Compounds 
containing the saturated dihydrodifuran moiety (e.g. 
dihydrosterigmatocystin, 0-methyldihydrosterigmatocystin and 
demethyldihydrosterigmatocystin) were significantly less toxic, and 
the open ring compound, isosterigmatocystin had no effect on mitosis 
or nucleoli of the cells. The results suggested that the 
unsaturated C2-C3 double bond in the terminal furan ring was 
essential for toxicity, but the position of methoxy and hydroxy 
groups on the xanthone ring of the sterigmatocystin analogues also 
affected cytotoxicity in the cells. 
Later work by Kawai et al (1984; 1986) and Mori et al (1986) agreed 
that the unsaturated double bond in the terminal furan ring was 
necessary for genotoxic and cytotoxic effects - dihydrosterigmatin 
was negative in DNA repair tests. These workers also suggested that· 
the angular combination between the xanthone _nucleus and the 
dihydrodifuran ring structure was important for genotoxic effects; 
demethylsterigmatocystin had a stronger genotoxic effect than the 
linear molecule sterigmatin. However, sterigmatin was shown to be 
more cytotoxic than demethylsterigmatocystin. The mechanism of 
toxicity of sterigmatocystin is therefore a complicated process 
depending on positioning of the double bonds, hydroxy and methoxy 
groups, as well as the stereochemistry of the molecule. 
It has been shown ｾｹ＠ Essigmann et al. (1979; 1980) that 
sterigmatocystin can be activated to form a similar DNA adduct to 
that formed by aflatoxin B1 , namely 1,2-dihydrodiol 2 
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CN7-guanyl)-l-hydroxy sterigmatocystin. They found that 6-9% of 
sterigmatocystin in the test was converted to an epoxide, which 
reacted with DNA. Sterigmatocystin is less toxic in vitro than 
aflatoxin B1 (Terao 1983), possibly due to a poor absorption rate 
from the digestive tract. It could also be that the ultimate 
carcinogenic form of sterigmatocystin, conceivably the epoxide, is 
formed in liver in lower amounts than that of aflatoxin n1 , or 
that it reacts more readily with, for example, glutathione, to 
produce detoxification products. 
In the present study, which assessed only the acute toxicity of 
these toxins, sterigmatocystin was shown to be equal, if not 
greater, in toxicity to aflatoxin B1 • This agrees with results by 
Engelbrecht & Altenkirk (1972) using primary cells. Apart from 
this, there is little data showing the effects of activated 
sterigmatocystin on acute cytotoxicity to cells. The data found 
refers only to the mutagenic or genotoxic effects of activated 
sterigmatocystin (e.g. Stich & Laishes, (1975); Noda et al., (1981); 
Kawai et ·al., (1986); Mori et al., (1986)). 
It is therefore only.possible to make a broad comparison between the 
metabolism of aflatoxin n1 and that of sterigmatocystin. It is 
likely that the acute toxicity of sterigmatocystin is due to the 
formation of a dihydrodiol (as in the ｾ｡ｳ･＠ of aflatoxin B1 ) which 
binds to protein, causing inhibition of protein synthesis. In the 
case of· aflatoxin B1 , the ｲ･ｬ｡ｴｾｶ･＠ rates of metabolism by 
different microsomal preparations and the total amounts of aflatoxin 
n1-dihydrodiol produced parallels the different susceptibilities 
of animals to the acutely toxic action of aflatoxin n1 in vivo. 
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Hence duck liver and quail liver are the most active tissues for 
metabolising aflatoxin B1 , and mouse liver is the least active 
(Stich & Laishes, 1975; Neal et al., 1981; Neal et al., 1986). The 
activation capacity of different species for sterigmatocystin is 
reported to parallel that for aflatoxin B1 (Stich & Laishes, 1975) 
in that duck liver was the most active, and mice liver the least 
active. There is no reported data on the activating capacity of 
quail liver for sterigmatocystin; if it was acting in a similar way 
to aflatoxin B1 one would expect epoxidation to be the major 
pathway, with the formation of sterigmatocystin - dihydrodiol. 
In the present study, although preliminary work suggested that quail 
microsomes could activate, and thus enhance, the toxicity of 
sterigmatocystin no metabolites were apparent in further studies. 
It was also interesting to note that the activation was 
time-dependent - as a 3 h incubation time with the microsomes was 
more effective than 1 h incubation. This time-dependence was not 
seen in the aflatoxin B1 studies. The work with quail microsomes 
was limited and it is difficult to draw any conclusions as to their 
mode of action on sterigmatocystin, when their behaviour with 
aflatoxin B1 differed to reported data (Neal et al., 1986) 
suggesting that in the present circumstances the microsomes were 
unstable. 
A comparison can be made between the excretion (detoxification) 
products of sterigmatocystin and aflatoxin B1 • Studies by Wei et 
al (1978; 1985) showed that water-soluble conjugates of aflatoxin 
B1 , P1 , M1 and Q1 could be detected as excretion products. 
s·teyn and Thiel (197·6) have shown that after dosing monkeys with 
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sterigmatocystin, 70% of the toxin was excreted unchanged and the 
majority of the absorbed toxin was excreted as the glucuronide 
conjugate. Sterigmatocystin contains a free phenolic hydroxyl group 
capable of conjugation and thus the methoxyl group remains intact. 
Aflatoxin B1 loses the methoxy group to form aflatoxin P1 which 
in turn forms conjugates (Wei et al., 1985). 
It is possible that the polar metabolites noted in the present work 
could be hydroxylated compounds paralleling those of aflatoxin P1 , 
Q1 and M1 • For example, sterigmatocystin could lose the methoxy 
group to form demethylsterigmatocystin (an analogue to aflatoxin 
P1 ) which would result in a more polar compound. Studies on the 
effect of S9 on sterigmatocystin metabolism showed that up to 30 min 
was required for metabolite production. This correlates with work 
by Noda et al., (1981) who showed that a time lag of 30 min was 
required for sterigmatocystin to exhibit mutagenic effects in 
cells. The low recoveries of the toxin from the cell extracts in 
the present study suggest binding of any toxin adducts which may 
have been formed. Wang & Cerutti, (1979) showed that 40% of 
adducted aflatoxin B1 remained in the cells of epitheloid human 
lung and persisted for ｳ･ｶ･ｾ｡ｬ＠ generations. The flow cytometry 
studies presented in this work showed that cells exposed to 
sterigmatocystin (activated) died on subculture, suggesting that the 
toxin was bound in the cell. 
In conclusion, this study has shown that ｳｴ･ｾｩｾｭ｡ｴｯ｣ｹｳｴｩｮ＠ can be 
activated in a similar manner to aflatoxin B1 • The former toxin 
is relatively non-toxic before activation, and yields polar 
metabolites when activated. Although these metabolites were not 
identified, they could be analogous molecules to aflatoxin P1 , 
Q1 and M1 • 
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5.0 General Discussion 
The purpose of.this study was to produce a battery of 
biological assays which could reliably be used to detect mycotoxins 
of all types. The work with mycotoxin standards proved how 
important it is not to put too much reliance on reported work in the 
literature. For example, the sensitivity of the brine shrimp to 
mycotoxins is very dependent upon strictly controlled incubation 
conditions, which could account for the differences in sensitivity 
found by Mutti et al., (1987) and Tanaka et al., (1975). The 
sensitivity of B. stearothermophilus to mycotoxins reported by Reiss 
(1975b) could not be demonstrated on any occasion, despite efforts 
to reproduce the reported conditions of the test. This was thought 
to be due to inconsistencies in the spore strips used - not 
mentioned in the reported work. 
As an alternative microbial assay, the protozoal assay was also 
simple to perform and sensitive to many of the toxins. The results 
found agreed well with those of other workers such as Hayes et al., 
(1974; 1976). The assay was not sensitive to aflatoxin B1 , 
sterigmatocystin or ochratoxin A. This was thought to be due to a 
lack of ac-tivating enzymes (or an abundance of detoxifying enzymes) 
in the former cases and the presence of detoxifying enzymes for 
ochratoxin A. Rumen protozoa have been shown to convert ochratoxin 
A into a non-toxic metabolite (Kiessling et al., 1984). 
The pea seedling assay showed ｳ･ｮｳｩｴｩｶｾｴｹ＠ to a limited number of 
mycotoxins and, although the sensitivity of the plant assay could 
probably have been improved by including a range of plant species, 
this would have increased the workload of the bioassay screen and it 
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was felt that the range of tests as described was sufficient to 
detect a wide range of mycotoxins. 
The cell line assays showed the greatest sensitivity to mycotoxins, 
and the results agreed with those of many other workers. The lack 
of sensitivity to aflatoxin B1 and sterigmatocystin was consistent 
with the need for metabolic activation of these toxins. This is 
supplied by enzymes not present in the established cell lines used 
for testing. Later work showed that sensitivity to these toxins 
could be improved by including microsomal enzymes in the tests. 
Although any one of the bioassays described would not have detected 
all the mycotoxins tested, in combination the bioassay screen could 
perform this function. This was demonstrated by the next stage of 
the work in screening toxigenic moulds. The bioassay screen showed 
that 59% of the mould isolates tested produced toxic effects in at 
least three bioassays. Some of the moulds producing toxicity to 
bioassays, especially the Penicillium species, are reported to 
produce mycotoxins, such as cyclopiazonic acid, penitrems, PR toxin 
(Table 3.12). This study did not include any chemical analysis for 
these toxins_ and it is not therefore known if these were responsible 
for any toxicity observed. However, further analytical studies were 
carried out on the mould Wallemia, which to date, has not had any 
characterised mycotoxins reported. The present study proved the 
value of the bioassays in helping to- partially characterise a toxin 
produced by Wallemia. - -
It must be noted that in the present case ideal conditions were 
provided for mould growth and toxin production - with the choice of 
three media. Although many moulds were identified as being 
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toxigenic, they may not produce toxins in foods in a real-life 
situation. This was shown, to some extent, by the limited work 
using reinoculated foods. Some isolates, namely P. crustosum, ｾ＠
aurantiogriseum, P. expansum and A. repens were either weakly toxic 
or non-toxic after growth on foods. Others were strongly toxic 
after reinoculation on foods e.g. A. amstelodemi and P. 
aurantiogriseum. However, the toxigenic potential of a mould is an 
important point as the conditions of a foodstuff can easily change 
during storage. The bioassay screen is a particularly useful tool 
in studies of moulds other than Aspergillus or Penicillium for which 
mycotoxins have not been characterised. Although it cannot 
immediately identify such toxins, it can show whether such moulds 
are toxigenic, thus indicating the necessity for further work. 
A further stage of the work showed how the sensitivity of the cell 
lines could be increased, in the case of aflatoxin B1 and 
sterigmatocystin, by adding microsomal enzymes to the cell system. 
This paralleled the situation in the whole animal, where these 
toxins are metabolized into active forms by the liver. In contrast, 
the toxicity of ochratoxin A was not enhanced by these enzymes, but, 
if anything, was decreased. In rats, ochratoxin A is metabolised to 
form the less toxic compound 4-Hydroxyochratoxin A (Storen et al., 
1982). This has been noted also in primary cells, which would 
retain metabolising enzymes (Hansen et al., 1982). 
The metabolism of ｡ｾｬ｡ｴｯｸｩｮ＠ B1 is a complex process in the animal 
and involves the interaction of activating and detoxifying enzymes. 
The rate of metabolism by different animals and the total amount of 
aflatoxin B1 dihydrodiol produced influences the susceptibility of 
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the animal to the acute toxicity of aflatoxin n1 (Neal et al., 
1981). The mouse is known to be one of the less sensitive species 
to the toxic effects of aflatoxin B1 and this is due in part to 
low yields of aflatoxin B1 dihydrodiol (Neal et al., 1981). 
However, the mouse also produces large amounts of conjugated 
aflatoxin B1 , which is excreted and thus has a very efficient 
deactivation mechanism (O'Brien et al., 1983). 
It would have been interesting in this study to compare the effects 
of rat liver microsomes (a sensitive species) and mouse liver 
microsomes (an insensitive species) in the activation of aflatoxin 
B1 and resulting toxicity to cell lines. The mouse liver 
microsomes were not, however, readily available. As an alternative, 
a comparison of rat liver microsomes and quail liver microsomes was 
made. The quail is extremely sensitive to aflatoxin B1 as it has 
the capacity for rapid metabolism of the toxin but has little 
capacity for detoxification and excretion of the toxin (Neal et al., 
1986). 
The effects of rat liver microsomes on mycotoxins were examined 
using both microscopic observations -on cell lines and chemical 
analysis of degradation products. Identification of metabolites by 
TLC correlated with the observed toxicity to cells. Aflatoxin Q1 
was found to be the major metabolite produced after-- metabolism with 
rat liver microsomes. This corresponded with acute toxicity to 
.. 
cells and agreed wi_th results found by Ma-nson et al. , (1981), Dahms 
& Gurtoo (1976) and Neal & Colley (1978);. Aflatoxin Q1 was also 
identified after metabolism of the toxin by quail microsomes which 
did not agree with work by ｎ･｡ｬ･ｾ＠ al., (1986) who did not-detect 
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this metabolite. This highlights the importance of comparing 
biological and chemical analyses. For example, in the present 
study, approximately 50% of the aflatoxin B1 was recovered, after 
examination by TLC, suggesting that metabolism was incomplete. 
As there is limited reported data on the metabolism of 
sterigmatocystin, aflatoxin B1 was used as a model for these 
studies. It has however been shown that, in a similar way to 
aflatoxin B1 , the unsaturated double bond in the terminal furan 
ring of sterigmatocystin, is necessary for genotoxic and cytotoxic 
effects, (I<awai et al., 1984; 1986; Mori et al., 1986). This 
suggests a similar metabolic pathway to that of aflatoxin B1 • The 
present study showed that inclusion of liver microsomes in the cell 
assay had a considerable effect on the toxicity of 
sterigmatocystin. In parallel with this, examination of cell 
extracts by TLC showed the formation of polar metabolites. These 
were not identified, but it is possible that these were hydroxylated 
compounds- similar to aflatoxin P1 , Q1 and M1 • 
The cell line assays were supplemented with flow cytometry studies. 
These indicated the effects of toxins on DNA synthesis, and would 
have shown any giant cells produced by the toxin. The flow 
cytometry histograms demonstrated that T-2 toxin had a direct effect 
on the cells, whilst aflatoxin B1 and sterigmatocystin had no 
effect on the cell cycle, unless microsomal enzymes were included in 
the assay. · This technique also con£irmed that cells exposed to 
activated sterigmatocystin did not survive subculture, even though 
some -of the cells appeared normal (as assessed microscopically) 
before subculture. 
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In conclusion, this study has produced a "battery" of bioassays 
which can be used not only to detect known mycotoxins, but to detect 
possibly unknown toxins in fungal extracts. The inclusion of 
microsomal enzymes in the cell line assays, not only has the 
·potential for increasing the sensitivity of the bioassays but also 
goes some way to paralleling the effects in the whole animal. This 
can indicate whether a particular toxin is activated or deactivated 
in the animal and the use of microsomes from different animal 
species may indicate the susceptibility of that species to the 
toxin. The bioassays can be used in conjunction with chemical 
assays to study toxin production by particular fungal isolates and 
metabolism of such toxins. Although the bioassay screen has been 
designed to detect toxins produced by moulds, there is some scope 
for extending the screen to detect other toxins. This is of 
particular interest with the present trend in reducing animal tests 
and with the possible requirement to test biotechnological products 
and assess the presence of residual toxins in irradiated foods. 
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APPENDIX: DETAILS OF TOXICITY OF MOULDS TO BIOASSAYS 
TABLE A-1 
Toxicity of cheese moulds to bioassays t 
Mpuld 
Bioassay 
P. echinulatum P. echinulatum P. roqueforti P. expansum P. echinu/atum 
Brine shrimp 4% sucrose - 4%, 200,{, 20% sucrose Czapek, 
sucrose 200,{, sucrose 
BHK cells - - 4%, 200,{, Czapek.4%, Czapek.4%, 
sucrose 20% sucrose 200ib sucrose 
Pea seeds Czapek 20% sucrose - 20% sucrose 20% sucrose 
Bacillus megaterium - - - - -
Bacillus stearo- - - - - -
thermo phi/us 
t Moulds caused toxicity after growth in media shown in the table (full details of growth media are 
shown in the Methods section). 
-No toxic effect. 
TABLE A-ll 
Toxicity of cheese moulds to bioassays 
Mould 
Bioassay 
P. aurantiogriseum P. aurantiogriseum P. roqueforti P. roqueforti 
Brine shrimp Czapek,4%, 20% Czapek,4%, 20% Czapek,4%, 4%,20% 
sucrose sucrose 200ib sucrose sucrose 
BHK cells 20% sucrose 200ib sucrose Czapek Czapek,4%, 
20% sucrose 
Chang Liver cells 20% sucrose 20% sucrose NT 
.. NT 
Rat I iver cells NT NT Czapek Czapek,4%, 
20% sucrose 
Pea seeds 4%, 20% sucrose 200/0 sucrose Czapek.4% Czapek,4% 
sucrose sucrose 
-Protozoa NT NT Czapek 4% sucrose 
NT = not tested. 
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TABLE A-111 
Toxicity of meat moulds to bioassays 
Mould 
Bioassay 
P. expansum P. aurantiogriseum P. crustosum P. aurantiogriseum Cladosporium sp. 
Brine shrimp - - - - -
BHK cells Czapek,4%, Czapek,4% Czapek Czapek,4%, 20% Czapek,4% 
20% sucrose sucrose sucrose sucrose 
Pea seeds 4% sucrose 20% sucrose 4%, 200..{, 4%, 20% sucrose 4%,20% 
sucrose sucrose 
Bacillus megaterium - - - - -
Bacillus stearo- - - 4%, 200..{, Czapek -
thermophil us sucrose 
- No toxic effect. 
TABLE A-IV 
Toxicity of meat mou Ids to bioassays 
Mould 
Bioassay 
Mucor sp. Mucor sp. P. verrucosum P. chrysogenum 
Brine shrimp - 20% - 4%, 200..{, 
sucrose sucrose 
BHK cells Czapek, 
- 4%,20% 4% sucrose 
4% sucrose 
sucrose 
Chang Liver cells NT - 4% sucrose NT 
Rat liver cells NT NT NT Czapek,4% 
sucrose 
Pea seeds Czapek, Czapek,4%, Czapek,4%, 4% sucrose 
4% sucrose 20% 200/o sucrose 
sucrose 
Protozoa NT NT NT 4% sucrose 
NT = not tested. 
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Bioassay 
A. repens 
Brine Czapek 
shrimp 
BHK Czapek, 
cells 20% 
sucrose 
Chang NT 
Liver 
cells 
Rat liver NT 
cells 
Pea Czapek, 
seeds 4% 
sucrose 
Protozoa NT 
NT = not tested. 
-No toxic effect. 
TABLE A-V 
Toxicity of cake moulds to bioassays 
Mould 
· Wallemia sp. P. brevicompactum P. crustosum P. chrysogenum A. amstelodami 
Czapek - Czapek,4%, Czapek,4%, 4%,20% 
200k sucrose 20% sucrose sucrose 
Czapek - Czapek,4% 4% sucrose -
sucrose 
Czapek 
- 4% sucrose NT NT 
Czapek NT NT 4% sucrose Czapek,20% 
sucrose 
Czapek - Czapek,4%, 4% sucrose Czapek,20% 
200..b sucrose sucrose 
Czapek NT NT 4% sucrose -
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Bioassay 
Brine shrimp 
BHK cells 
Chang Liver cells 
Rat liver cells 
Pea seeds 
Protozoa 
Bacillus 
megaterium 
Bacillus stearo-
thermophil us 
NT= not tested. 
-No toxic effect. 
TABLE A-VI 
TQxicity of bread moulds to bioassays 
Mould 
Rhizopus sp. P. citrinum P. aurantiogriseum P. chrysogenum 
- 4% sucrose Czapek,4%, ＲＰＰｾ＠ Czapek,4%, 
sucrose 20% sucrose 
4% sucrose 4% sucrose Czapek,4%, 20% Czapek,20% 
sucrose sucrose 
NT 4% sucrose Czapek,4%, 200/o NT 
sucrose 
NT NT NT Czapek,20% 
sucrose 
20% sucrose 4% sucrose Czapek,20% Czapek 
sucrose 
NT NT NT Czapek,20% 
sucrose 
4% sucrose NT NT NT 
4% sucrose NT NT NT 
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TABLE A-VII 
Toxicity of jam 'and fruit and vegetable moulds to bioassays 
Bioassay 
A. amste/odami 
Brine shrimp Czapek 
BHK cells Czapek,4% 
sucrose 
Chang Liver NT 
cells 
Rat liver cells NT 
Pea seeds Czapek 
Protozoa NT 
Bacillus 4% sucrose 
megaterium 
NT= not tested. 
-No toxic effect. 
Jam 
P. aurantiogriseum 
Czapek 
Czapek,20% 
sucrose 
NT 
NT 
Czapek,4%, 20% 
sucrose 
NT 
-
Mould 
Fruit and vegetables 
A. repens P. brevicompactum Mucor sp. 
4%,20% Czapek,4%, 200k 4%,20% 
sucrose sucrose sucrose 
4%,20% Czapek -
sucrose 
NT - Czapek 
Czapek, NT NT 
4%,20% 
sucrose 
4%,20% Czapek 
-
sucrose 
4%,20% NT NT 
sucrose 
NT NT NT 
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Mucor sp. 
4% 
sucrose 
-
-
NT 
20% 
sucrose 
NT 
NT 
Bioassay 
Brine shrimp 
BHK cells 
Chang Liver cells 
Rat liver cells 
Pea seeds 
Bacillus stearo-
thermophil us 
NT = not tested. 
-No toxic effect. 
TABLE A-VIII 
Toxicity of cereal and nut moulds to bioassays 
Mould 
Cereals Nuts 
Mucor sp. A. parasiticus A. flavus A. niger Rhizopus sp. 
Czapek, Czapek,4%, Czapek, 20% -
4%,20% 20% sucrose 4%,20% sucrose 
sucrose sucrose 
4%,20% Czapek, 200,(, Czapek, Czapek, 200,{, sucrose 
sucrose sucrose 4%,20% 4%,20% 
sucrose sucrose 
4% Czapek,4%, Czapek NT NT 
sucrose 20% sucrose 
NT 4% sucrose 4% NT NT 
sucrose 
20% - Czapek - -
sucrose 
NT NT NT - 4% sucrose 
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TABLE A-IX 
Toxicity df miscellaneous moulds to bioassays 
Mould 
Bioassay Pies Tomato Coffee 
Cladosporium sp. Cladosporium sp. Cladosporium sp. Cladosporium sp. 
Brine shrimp -
BHK cells -
Chang Liver 
-
cells 
Pea seeds 4% sucrose 
NT = not tested. 
-No toxic effect. 
Czapek,4%, 20% - -
sucrose 
20% sucrose - Czapek,4% 
sucrose 
20% sucrose NT NT 
Czapek,20% - Czapek 
sucrose 
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Canneloni 
Alternaria sp. 
20% sucrose 
Czapek 
NT 
Czapek,4% 
sucrose 
